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SUPPLEMENT TO THE WELDING JOURNAL, 


JUNE 1960 


The Science of Arc Welding 


Evaluation of the present knowledge provides the engineer 
and the research man with basic concepts of volt-ampere 
relationship, distribution of field intensities and temperatures, metal 
transfer, spatter, arc forces and motion, melting rate, 
weld area, melting ratio and other related factors 


BY CLARENCE E. JACKSON 


Part II1l*—What the Arc Does 


So far in this discussion, the 
physical characteristics of the tung- 
sten-arc and consumable-electrode 
arc-welding processes have been con- 
sidered. In order to provide a basis 
for a practical engineering approach 
to the selection of welding tech- 
niques, it will be useful to consider 
the performance of the arc. In 
projecting welding techniques for 
any application, a number of funda- 
mental measurements are required. 
These essentially relate the effect of 
welding current, voltage and speed of 


CLARENCE E. JACKSON is Associate Man- 
ager, Electric Welding Department, at the De- 
velopment Laboratory, Linde Co., Division of 
Union Carbide Corp., Newark, N. J. 

* Part 1—Definition of Arc” and Part II 
“Consumable-electrode Welding Arc’’ appeared 
on pages 129-s-140-s and 177-s-190-s, respectively, 
of the April and May 1960 issues of the WeLpING 
JOURNAL Research Supplement. 


travel on the performance of the 
welding process. 
Volume or Area of Weld 
Metal Deposited 

The fact that the melting rate of 
an electrode is expressed in many 
different units, sometimes is con- 
fusing. Such units as pounds per 
minute or hour, grams per second, 
and inches per minute, appear to 
be favored by individual workers. 
It is suggested that a more practi- 
cal designation for melting rate is 
based on the volume deposited per 
unit time (Fig. 25). This engineer- 
ing designation is even more con- 
venient when measurements of elec- 
trode melting rates are taken in 
inches per minute. The volume 
of metal deposited per linear inch 
is easily obtained by dividing the 


t See page 178-s of May 1960 issue of WELDING 
JOURNAL Research Supplement. 
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melting rate in cubic inches by the 
speed oftravel. It has been pointed 
out by Wilson, et al.,* that in 
consumable-electrode arc welding, 
the total melting rate of the elec- 
trode is the melting rate caused by 
the are to which is added the in- 
crease in melting rate due to the 
I°R heating of the length of elec- 
trode that extends beyond the con- 
tact tip. The melting rate has 
also been found to be dependent 
upon the electrode diameter in 
both the inert-gas and submerged- 
arc processes. In order to fill a 
groove or to produce a fillet with a 
given dimension, a definite volume 
of weld metal per inch of length of 
weld is required. In order to de- 
posit this volume or cross-sectional 
area of weld metal, the ratio of the 
current to the speed of travel is 
useful (Fig. 51). For a_ given 
melting rate in pounds per minute, 
the cross-sectional area of the 
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deposited weld metal can be pre- 


dicted. 


Penetration 


The penetration of a weld depos- 
ited in a groove or on the surface 
of a plate is generally recognized 
as the distance below the original 
surface to which the molten metal 
progresses. A study of the factors 


which influence penetration for any 
given welding process indicates that 
current, voltage and travel are im- 
portant in the results which are ob- 
tained. Of these three items, the 
welding current is the most signifi- 
cant, while the travel and voltage 
are less important. In determining 
the penetration for any particular 
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Fig. 5l—Area of weld metal deposited is determined by the ratio of 
current (1) to the speed of travel (S) for any electrode melting rate 
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RANGE OF WELDING CONDITIONS: 


CURRENT (1),85 TO 350 AMPS 
TRAVEL (S) , 6 TO 18 INCHES/MIN. 
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WELDING TECHNIQUE 


PERFORMANCE FACTOR 


Fig. 52—Effect of current, welding voltage and speed of travel on 
penetration in the covered-electrode process 
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weld, from a fundamental study, it is 
assumed that penetration is the 
distance below the level of molten 
metal in the crater which the base 
metal is melted. Figure 52 shows 
the combined effect of current, 
welding voltage, speed of travel on 
penetration for a series of experi- 
ments with covered electrodes. A 
similar relationship is noted with 
submerged-arc welding and also 
with inert-gas consumable-elec- 
trode for mild steel; these results 
shown in Figs. 53 and 54 indicate 
the general application of the weld- 
ing-technique performance factor. 
In a series of tests using the sub- 
merged-are process, the results re- 
ported by Hayashi** covering a 
wide range of welding conditions 
gave the relation shown in Fig. 
55. 

In applying empirical relation- 
ships, the level of the crater is 
important. In many cases, the 
penetration is roughly the pene- 
tration below the surface of the plate 
since the crater is essentially level 
with the surface. The true arc 
length cannot be measured directly 
except when there is_ negligible 
penetration because, although a 
projected image of the arc may be 
readily recorded, a fraction of the arc 
may be below the plate level. It 
has been suggested by Needham 
and Smith, that the extension of the 
arc below the plate may be nearly 
equal to the penetration in etched 
macrospecimens. Certainly the arc 
cannot extend beyond the fused 
zone. Fusing of the plate material 
by heat flow is limited by the steep 
thermal gradient at the crater 
periphery. 

Very few data have been reported 
which show the effect of welding 
technique on crater formation. 
From a theoretical standpoint, the 
force acting toward the crater will 
be given by the following relation: 


F = KI* log = 


radius of arc at crater 
radius of arc at electrode 


I = current, amperes 
K = constant 
F = force toward crater 


From this it is seen that the force 
at the crater will increase with an 
increase in current with a given 
electrode or with a decrease in the 
diameter of the electrode for a given 
current. This suggests that pene- 
tration should increase with current 
density; McElrath”? reports a series 
of tests which substantiates this 
conclusion (Fig. 56). Such in- 
crease in penetration is more likely 
accompanied by an increase in 
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Table 8—Comparison of Effect of Welding Technique on Melting Rate, Nugget Area, 
Melting Ratio and Penetration; Both Measured and Calculated Values Are Shown 


Melting rate-——— 


Welding technique——. electrode Ib/min Nugget area, in. —Melting ratio, Z—. Penetration, in. 
Amp Vv Ipm Measured Calculated Measured Calculated Measured Calculated Measured Calculated 
290 26 10 0.12 0.12 0.08 0.09 51.0 55.4 0.12 0.18 
800 26 27.4 0.42 0.37 0.18 0.18 60.7 73.2 0.39 0.42 
900 34 10 0.49 0.43 0.49 0.53 65.5 71.0 ao oe 
500 30 20.1 0.22 0.22 0.14 0.14 72.0 73.0 0.28 0.23 
580 26 20.1 0.25 0.25 0.14 0.14 68.7 69.1 0.26 0.29 
435 26 15.1 0.19 0.19 0.11 0.15 60.4 56.3 0.17 0.22 
420 36 20.1 0.16 0.18 0.10 0.09 70.6 68.0 0.22 0.18 
290 26 10 0.11 0.11 0.09 0.09 52.0 55.4 0.13 0.18 
500 30 27.4 0.22 0.22 0.10 0.09 74.3 78.6 0.23 0.22 

26 4.7 0.04 0.05 0.04 0.06 46.0 31.2 0.07 0.07 


crater depth. Further investiga- the welding current. In a like Log A = 0.903 we ~ 3.95 
tion is needed in order to study all manner, as the speed of travel is S 

" the factors which control crater increased for a given current, this Where: 
formation and the resulting pene- area will decrease. The area from ; 
tration. many tests seems to be relatively in. 
Weld-motel Nugget Ares unaffected by normal changes in the S = travel, ipm 


. welding voltage. The weld-metal 
In any study of electric-arc area is controlled by the current and 
welding, some indication of the total speed of travel used. and. for the 
quality of metal which is fused is data which are available. is related Wilson, et a/..** have suggested an 
important. The quantity of base directly to the 1.716 power of the equation for the melting rate for a 
metal fused, together with the current and inversely to the first steel electrode for the submerged- 
electrode consumed, provides the : arc process as follows: 
molten metal which, properly po- 
sitioned by the welding process, 
must necessarily form the weld 


Melting Ratio 


power of the speed of travel as 
shown in Fig. 57 for the submerged- MR 
arc process. A_ similar relation- 


0.35 + d? + 2.08 


300 | 
~ 1000 


joint. In the fused-metal area, ship also is applicable to the inert- x 10-7 a4 
both the molten metal transferred gas consumable-electrode process 

from the electrode and the quantity as shown in Fig. 58. An equation Where: 

of base metal fused increases with for the data in Fig. 57 is as follows: MR = melting rate, lb/min 
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Fig. 55—Penetration for submerged-arc 
welding’ 


electrode diameter, in. 
current, amp 
electrode extension, in. 

It is now possible to estimate the 
ratio of the volume of the base 
metal melted to total weld metal 
melted for a range of welding tech- 
niques. The results of such a cal- 
culation are compared with actual 
measurements for a series of sub- 
merged-arc welding tests in Table 8; 
the agreement is reasonable. 


Heat Effect of Weld Nugget 

The electric-arc welding process 
fuses a volume of weld metal. In 
order to produce this volume of 
weld metal, energy is consumed. 


~ 
nue 


PENETRATION~INCH 
PENETRATION BELOW SURFACE - IN 
© 
8 


Yo | 


CURRENT DENSITY - THOUSAND AMP. PER. SQ IN. 


10 30 50 70 90 130 


wiTH 36, 32, Vie and 364 IN. ROD DIAMETERS 


Fig. 56—Penetration vs. current density” 


From studies of the energy distri- 
bution in electric-arc welding, it 
has been pointed out that improved 
efficiency of energy utilization is 
expected with higher currents and 
higher speeds. The weld-nugget 
area increases at a rate faster than 
the first power of current. In weld- 
ing literature, the total energy in- 
put is often expressed as joules per 
linear inch. In these days of in- 
creased use of automatic welding 
processes, with higher speeds and 
higher-strength steels, it is impor- 
tant to recognize that comparisons 
based on total energy may not be 
applicable’ and that the factors 


affecting the energy distribution 
must be considered. 

In order to determine the ef- 
fect of current and travel on the 
weld-metal nugget area, fifteen welds 
were deposited using the submerged- 
arc process on the surface of a 
steel plate (A212). These surface 
beads were deposited with currents 
from 135 to 800 amp with the 
travel adjusted to give an energy 
input of 45,000 joules per linear 
inch. The area of cross section 
taken from these welds ranged from 
0.044 to 0.186 sq in., Table 9. 
Two cross sections are shown in 
Fig. 59. The maximum cooling 
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Fig. 57—Effect of current and speed of travel on nugget area 


in the submerged-arc process 
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WUGGET AREA, SQUARE INCHES 


Fig. 58—Effect of technique on nugget area with inert-gas 
consumable-electrode arc welding 
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Table 9—Effect of Welding Technique on Nugget Area 


———Welding technique. 
Amp Vv Ipm 
290 26 10 
435 26 15. 
580 26 20. 
580 26 20. 
500 20. 
420 20. 
503 20. 
580 20. 
580 
800 
800 
800 
290 
135 


linear inch 


Energy input, 


joules per Nugget area, sq in. 


Actual Calculated 


.084 092 
115 149 
160 143 
165 143 
138 143 
102 087 
117 143 


45,250 
45,000 
,000 
,000 
, 800 


oo 
oo 
ow 
WM 


rate in the heat-affected zone is 
determined by the volume of mol- 
ten metal in the weld bead; the 
hardness in the heat-affected zone 
for any steel is controlled by this 
cooling rate. As shown in Fig. 60, 
the maximum hardness in the heat- 
affected zone decreases as the nug- 
get area increases even though the 
power input in joules per linear 
inch is constant. 

Data are gradually being accumu- 


lated covering the performance of 


the various factors which may be 
controlled in the application of any 
arc-welding process. The welding 
engineer is now able to go to the 
drawing board and establish ap- 
proximate welding techniques for 
initial tests and further predict 
the effects of specified changes in 
welding conditions. 


Discussion 


Useful concepts for the engi- 
neering application of the welding 
arc have been proposed. The melt- 
ing rate of an electrode depends 
upon the electrode diameter, ex- 
tension and current level. Pene- 
tration below the level of the crater 
increases with current and decreases 
with speed of travel and welding 
voltage. The effect of welding tech- 
nique on melting ratio and nugget 
area has been pointed out. 

Because of the fact that the 
consumable-electrode arc-welding 
processes include such a wide range 
of conditions, many questions re- 
main to be answered, in spite of the 
extensive investigations reported. 
There is need for a more compre- 
hensive study of crater mechanics. 
The factors which control the solid- 
ification pattern of the molten 
weld metal will aid in understanding 
such phenomena as undercutting and 
molten-metal viscosity. Although 


a fair understanding exists of the fac- 
tors which control the melting rate of 
the electrode, there is need for 
further data in order to provide 
engineering scope over the entire 
field. The techniques which are 
available for studying the spatial 
relation in the submerged-arc proc- 
ess will be useful in systematically 
investigating the effects of current 
density, electrode diameters, flux 
compositions and other factors. 
The new processes using carbon 
dioxide have not been studied from 
a fundamental standpoint. 

The welding fraternity is ap- 
proaching a clear-cut scientific un- 
derstanding of the many factors 
which control arc welding. Many 
investigators have contributed; 
many investigators will continue to 
contribute. 


Closure 


Engineering knowledge starts with 
the accumulation of empirical data, 
which to begin with, can only be 
qualitative. As new approaches 
are used, and especially when new 
methods of measurements or new 
techniques for studying the phenom- 
ena become available, these quali- 
tative data gradually develop into 
quantitative data which serve as a 
basis for the theoretical analysis of 
the phenomena which we are study- 
ing. Only when the engineering 
data become quantitive, can we 
deal with the why and wherefore 
of the field. A special plea is made 
for a broadening of the range of 
arc-welding data which are studied; 
often a small amount of data taken 
in order to extrapolate restricted 
data will establish trends, and will 
be useful in developing a pattern. 

The physical description of the 
arc-welding zone is rapidly becoming 
more exact, particular for the inert- 


Fig. 59—(a) Weld deposited using 800 
amp, 26 v and 27.4-ipm travel at 45,500 
joules per linear inch, (b) weld deposited 
using 135 amp, 26 v and 4.7-ipm travel at 
44,800 joules per linear inch 
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Fig. 60—The maximum hardness in the 
heat-affected zone decreases as the 
nugget area increases even though all 
deposited with approximately 45,000 
joules per linear inch 


gas-shielded tungsten-arc process. 
Considerable data have been pre- 
sented for the consumable-elec- 
trode processes, although these are 
more complicated and will require 
ingenious approaches in future in- 
vestigations. The _ relationships 
which exist for the inert-gas and 
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submerged-arc consumable-elec- 
trode arc-welding processes will 
be useful in developing new tech- 
niques for applications using modern 
materials. 

It is hoped that this presentation 
will stimulate investigation in some 
of the fields where the data are 
meager. Although a good practical 
understanding exists, there are large 
areas which will require further 
attention. As new welding proc- 
esses are introduced, new basic prob- 
lems will be raised. Although many 
welding engineers have a sound 
intuitive approach to welding prob- 
lems, as more basic data become 
available, welding engineering will 
continue to grow into an exact 
science—that engineering ‘science 
of welding’ envisioned by Dr. 
Adams. 


References 


53. Hayashi, K., Private communication, 1953. 

54. Jackson, C. E., and Goodwin, L, 
‘Effect of Variations in Welding Technique on the 
Transition Behavior of Welded Specimens,” 
Part Il, Tut JouRNAL, 27 (5), Research 
Suppl., 234-s to 266-s (1948). 

55. Alexander, P., ““The Abridgement of the 
Stability of the Welding Arc,” -J. Am. Inst. Elec. 
Engrs., 47, 109-112, February 1928. 

56. Benner, R. H., and Jones, T. B., “Atmos- 


pheric Water Vapor Effects on D-C Arc Electrode 
Burn-Off Rates,”” THe WELDING JOURNAL, 36 
(0), Research Suppl., 263-s to 264-s (1957). 

57. Boulton, N. S., and Martin, H. E. L., 
“Temperature Distribution During Welding,” 
Proc. Inst. Mech. Engrs., 133, 295-339, 1936. 

58. Breymeier, R. T., “Metal Transfer in 
Sigma Welding,” THe Wetpinc JourNaL, 31 
(5), 393-399 (1952). 

59. Busz-Peuckert, G., and Finkelnburg, W., 
“On Anode Mechanisms of Thermal Argon 
Ares,” Z. Physik, 144, 244-251, 1956. 

60. d’Herbemont, G., “‘Deep Penetration Weld- 
ing with Covered Electrodes,” Soudage et Tech- 
niques Connexes, Vol. 12, pp. 15-20, January- 
February 1958. 

61. Fett, G. H., “Cathode Drop of an Arc,” 
Welding Journal, Vol. 21, pp. 27s-29s, January 
1942. 

62. Gaubert, A., ““‘Deep Penetration Welding 
with Covered Electrodes,” Soudage et Techniques 
Connexes, 12, 5-14, January-February 1958. 

63. Gunnert, R., “Penetration and Travel 
Speed in Metal-Arc Welding,”” American WeELpD- 
1nG Society JOURNAL, 27 (1), 542 (1935). 

64. Hazlett, T. H., “Coating Ingredients” 
Influence on Surface Tension, Arc Stability and 
Bead Shape,’ THe WELDING JOURNAL, 36 (1), 
Research Suppl., 18-s to 22-8 (1957). 

65. Helmbrecht, W. H., and Oyler, G. W.., 
“Shielding Gases for Inert-Gas Welding,” Tue 
WELDING JOURNAL, 36 (10), 969-979 (1957). 

66. Hull, W. G., and Needham, J. C., “‘Self- 
Adjusting Arce and Controlled-Arc Welding 
Processes,”” Welding Research, 7, 80-95, August 
1953. 

67. Jackson, C. E., and Shrubsall, A. E., ““Con- 
trol of Penetration and Melting Ratio with Weld- 
ing Technique,” THe WeLpING JOURNAL, 32 (4), 
Research Suppl., 172-s to 178-s (1953). 

68. Jones, T. B., Kouwenhoven, W. B., and 
Skolnik, M., “Heat Effects in Anode Spots of 
High-Current Arcs,” Jbid., 28 (10), Research 
Suppl., 461-s to 465-s (1949). 


69. Keller, R. J., and Koss, J., ““The Carbon- 
Dioxide-Shielded Metal-Arc Welding Process,” 
Ibid., 35 (2), 145-151 (1956). 

70. Larson, L. J., ‘Metal Transfer in the Metal- 
lic Are,” Jbid., 21 (2), Research Suppl., 107-s to 
112-s (1942). 

71. Needham, J. C., The Transfer of Material, 
Temperature and Stability in the Electric Welding 
Arc, British Welding Association Report R27, 
London, 1946. 

72. Needham, J. C., and Smith, A. A., “Arc 
and Bead Characteristics of the Aluminum Self- 
Adjusting Arc,”’ British Welding Journal, 5, 66-76, 
1958. 

73. Orton, L. H., and Needham, J. C., Micro- 
second Phenomena in the Steel Welding Arc, Elec- 
trical Research Association Report Z/T79, Lon- 
don, 1949. 

74. Paschkis, V., “Establishment of Cooling 
Curves of Welds by Means of Electrical Analogy.” 
THe Wetpinc JouRNAL, 22 (10), Research 
Suppl. 462-s to 483-s (1943). 

75. Richter, K. E., and Essig, J. F. M., ““Con- 
sumable-Electrode Inert-Gas Welding with 
Small-Diameter Wires,” Jbid., 36 (9), 893-899 
{ 1957). 

76. Rosenthal, D., and Schmerber, R., ““Ther- 
mal Study of Arc Welding Experimental Verifica- 
tion of Theoretical Formulas,” [bid., 17 (4), Re- 
search Suppl., 2-s to 8-s (1938). 

77. Rothschild, G. R., “Carbon-Dioxide- 
Shielded Consumable-Electrode Arc Welding,” 
Ibid., 35 (1), 19-29 (1956). 

78. Spraragen, W., and Claussen, G. E., 
“Temperature Distribution During Welding, a 
Review of the Literature to January 1, 1937,” 
Tbid., 16 (9), Research Suppl., 4-2 to 10-8 (1937). 

79. Von Conrady, H., ““The Transfer of Ma- 
terial in the Welding Arc,”” Elektroschweissung, 11, 
109-114, 1940. 

80. Wienecke, R., ‘““Concerning Physical Proc- 
esses in Electric Arcs,”’ Schweissen und Schneiden, 
9, 428-434, September 1957. 


lead to weld corrosion under a variety of conditions. 


A Request for Corrosion Complaints Involving 316L Weld Metal 


Service exposure of Type 316L stainless steel, in the as-welded condition, seems to 


published to permit prediction of this attack. 

The WRC High Alloys Subcommittee investigating this subject are soliciting information 
about any such experience which the readers of this journal can report. A post card to 
1500 S. 50th St., Philadelphia 43, Pa., will initiate the correspondence necessary to ex- 


plore the conditions under which the weld corrosion occurred. 


Too little information has been 
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Effect of Elevated-Temperature Exposure on 


Heavy-Section Pressure-Vessel Steels 


PVRC-sponsored investigation describes the effect 
of aging at room temperature, 500 and 700° F on the embrittlement 
of carbon and alloy pressure-vessel steels 


BY A. W. PENSE, J. H. GROSS AND R. D. STOUT 


ABSTRACT. Previous PVRC _investi- 
gations have indicated the suitability 
of high-strength steels for pressure- 
vessel applications in conventional 
thicknesses and also in heavy sections, 
particularly if the heavy sections are 
spray-quenched and_stress-relieved. 
However, concern has been expressed 
regarding the effect of extended expo- 
sure at elevated temperatures on the 
mechanical properties of heavy-section 
pressure-vessel steels in applications 
such as power boilers and nuclear and 
chemical reactors. 

The present investigation describes 
the effect of exposure at room tempera- 
ture, 500, and 700° F for times up 
to 16,000 hr on the tensile properties 
and the notch ductility of simulated 
spray-quenched and normalized heavy- 
section pressure-vessel steels. 

The results of the study indicate 
that significant embrittlement 
(greater than 25° F increase in transi- 
tion temperature) occurred in any of 
the steels after aging at room tempera- 
ture or 500° F for times up to 16,000 hr. 
After aging at 700° F, certain alloy 
steels (T-1, HY80, HY65 and A203) 
exhibited an embrittlement of 40 to 
100° F increase in the transition tem- 
perature. The maximum embrittle- 
ment, which occurred at about 8000 
hr at 700° F, appeared to be inde- 
pendent of the condition of the steel 
spray-quenched or normalized and 
stress-relieved or stress-relieved, 
strained and restress-relieved. After 
16,000 hr at 700° F the stress-relieved 
steels showed the same embrittlement 
as after 8000 hr, whereas the strained 
and restress-relieved specimens exhib- 
ited a tendency to recover from the 
maximum embrittlement. The 700 
F embrittlement was accompanied by 
a corresponding increase in the tensile 
strength. 

The results obtained did not suggest 


A. W. PENSE, J. H. GROSS and R. D. STOUT 
are associated with the Department of Metallur- 
gical Engineering, Lehigh University, Bethlehem, 
Pa 

Paper presented at AWS 4ist Annual Meeting 
held in Los Angeles, Calif., April 25-29, 1960. 


a specific mechanism by which the em- 
brittlement occurs. However, only the 
steels containing nickel were observed 
to embrittle. 


Introduction 


During the past ten years, the 
Pressure Vessel Research Committee 
has sponsored investigations to de- 
termine the suitability of high- 
strength steels for pressure-vessel 
construction. The interest in high- 
strength steels stems from the in- 
creased pressure and temperatue 
requirements for modern pressure- 
vessel applications and the problems 
encountered in meeting these re- 
quirements with conventional car- 
bon-steel plate materials. Initial 
studies': * * on selected and 1- 
in. thick high-strength steels indi- 
cated that the plastic fatigue 
strength, room and elevated-tem- 
perature tensile strength and notch 
toughness were superior to the cor- 
responding properties of the carbon 
steels, and that the ductility and 
weldability were only slightly re- 
duced. Similar results were also 
obtained in a comparison‘ of 4-in. 
thick carbon- and _ high-strength 
steels. A subsequent investigation’ 
indicated that a further improve- 
ment in mechanical properties of the 
4-in. thick high-strength steels was 
obtained by accelerated cooling 
spray quenching providing a stress- 
relieving treatment followed the 
spray quenching. The most recent 
study showed that the spray- 
quenched steels exhibited about the 
same susceptibility to embrittle- 
ment from cold-forming, cold-form- 
ing and aging and extended stress- 
relieving as the conventionally 
treated steels. Thus, the superiority 
of the spray-quenched steels should 
be retained after normal fabrication 
operations. 

The preceding studies demon- 


strated the general suitability of 
high-strength steels, spray-quenched 
and conventionally treated, for am- 
bient-temperature _pressure-vessel 
applications. However, boilers, 
chemical pressure vessels and 
nuclear-reaction pressure vessels 
commonly operate at elevated tem- 
peratures for extended periods of 
time. At present, little or no in- 
formation is available on the effect 
of extended elevated-temperature 
exposure on the mechanical proper- 
ties of heavy-section steels, par- 
ticularly on heavy-section high- 
strength steels in the  spray- 
quenched condition. Of particular 
interest are changes in the tensile 
properties that might affect con- 
tinued operation at elevated tem- 
peratures and changes in notch 
toughness that may influence safety 
during shut-down operations. The 
present investigation extends the 
available information on extended 
exposure at room temperature, 500 
and 700° F on the tensile properties 
and notch ductility of these steels 
in the spray-quenched and in the 
normalized condition. 


Experimental Procedure 


The experimental procedure con- 
sisted of exposing two carbon steels 
(A285 and A212) and seven alloy 
high-strength steels (4885, A302, 
A203, HY65, A387, HY80, and T-1) 
to elevated temperatures of 500 and 
700° F for periods of 2000, 8000, 
and 16,000 hr. The steels were ex- 
posed as !/.-in. thick plates which 
were either oil quenched (to simu- 
late the microstructure near the 
surface of a spray-quenched 4-in. 
thick plate) and stress relieved at 
the recommended §stress-relieving 
temperatures, or were cooled in a 
foil-lined box (to simulate the micro- 
structure of a normalized 4-in. thick 
plate) and stress relieved. Addi- 
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Table 1—Chemical Analysis (%) and Heat-treating Temperatures 


Stress re- 
Austenitiz- lief or tem- 
ing tem- pering 
perature, tempera- 
Steel Grade* C Mn P Ss Si Ni Cr Mo Vv Ti Cu B “FT ture, ° F 
ASTM A285 C 0.20 0.53 0.020 0.016... are cies ee 1650 1150 
48s5 HT 0.15 1.09 0.033 0.028 0.18... .-- 0.09 0.009 1650 1150 
ASTM A212. B 0.28 0.70 0.010 0.021 0.24... 1650 1150 
ASTM A203 D 0.15 0.64 0.010 0.026 0.22 3.64 Kien wah a 1650 1150 
HY 65 0.12 0.48 0.013 0.032 0.21 2.16 0.39 0.70 ‘re 1750 1200 
ASTM A302. B 0.20 1.32 0.022 0.030 0.25 aa 1650 1150 
ASTM A387. _D 0.09 0.44 0.013 0.011 0.25 ... 2.18 O.% ... 1700 1350 
T-1 0.15 0.93 0.015 0.022 0.27 0.89 0.48 0.44 0.06 0.0031 1700 1200 
HY 80 High 0.15 0.28 0.016 0.015 0.19 2.86 1.72 0.50... ‘ens 1650 1150 


tional specimens of all steels in the 
same two base conditions were 
strained 5% after heat treatment, 
restress relieved and then exposed 
at 500 and 700° F. Specimens of 
each steel were also prepared in the 
base conditions, strained 5° and ex- 
posed at room temperature for 
1, 13, 26, 52 and 104 weeks (168, 
2184, 4368, 8736 and 17,472 hr). 
Following exposure, the tensile 
properties and notch ductility of the 
steels were evaluated. Standard 
0.252 - inch - diameter tension - test 
specimens cut parallel to the rolling 
direction of the plate and Charpy 
V-notch impact specimens cut par- 
allel to the rolling direction and 
notched transversely to the surface 
of the plate were prepared from each 
test plate. The chemical composition 
and the temperatures of heat treat- 


@ All steels were firebox quality where applicable. 


ment for each steel are given in Table 


Experimental Results 
and Discussion 


The tensile properties—yield and 
tensile strength, elongation and re- 
duction of area—and the impact 
properties—-transition temperature 
based on 15 ft-lb, 15 mil and 50% 
fibrous fracture—for the nine steels 
in their various conditions of pro- 
longed exposure at room tempera- 
ture, 500 and 700° F are presented 
in complete tabular form in WRC 
Reports of Progress, June issue. To 
allow a convenient comparison of 
the effect of the aging treatments on 
the nine steels, the impact properties 
and selected tensile properties are 
presented graphically in Figs. 1 
through 8. 
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Fig. 1—Effect of room-temperature aging on the notch toughness of spray-quenched 
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and normalized pressure-vessel steels after 5% plastic strain 


Figure 1 shows the transition 
temperatures of the spray-quenched 
and stress-relieved and the normal- 
ized and stress-relieved steels after 
5% plastic strain and aging at room 
temperature for periods of one week 
to two years. The results indicate 
that there is little or no tendency 
for these steels to strain age at room 
temperature for times up to two 
years. Since the spray-quenched 
as well as the normalized steels were 
insensitive to the room-temperature 
aging treatment, any initial superi- 
ority in notch ductility for the 
spray-quenched steels was retained 
after the aging treatment. 


The effect of aging at 500° F for 
times up to 16,000 hr on the notch 
ductility of the normalized and 
stress-relieved steels is presented in 
Fig. 2. Also shown is the effect 
of the 500° F aging on the steels in 
the stress-relieved, strained 5% and 
restress-relieved condition. For the 
most part, the changes in transition 
temperature after the various aging 
times are within 25° F of the value 
prior to aging. The observed 
changes in notch toughness are not 
considered significant since they are 
typical of the scatter commonly 
encountered in transition-tempera- 
ture determinations. Figure 3 illus- 
trates the effect of the 500° F aging 
treatment on the notch ductility of 
the spray-quenched steels. The re- 
sults are similar to those presented 
in Fig. 2 and confirm the observa- 
tion that these steels in the stress- 
relieved condition or in the stress- 
relieved, strained and restress-re- 
lieved condition are not significantly 
embrittled by exposure at 500° F 
for times up to 16,000 hr (approxi- 
mately two years). 


After aging at 700° F, the carbon 
steels and certain of the alloy steels 
(4885, A302 and A387) again ex- 
hibited no significant susceptibility 
to embrittlement as illustrated in 


A387 _ 
A203, 
A 
A203 A 
of 
. 
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Figs. 4 and 5 for the same conditions 
as the 500° aging. However, the 
other alloy steels (HY65, T-1, HY80 
and A203) showed a substantial 
embrittlement in all conditions 
spray-quenched or normalized and 
stress-relieved or _ stress-relieved, 
strained and restress-relieved. In 
general, the steels in all conditions 
exhibited significant embrittlement 
after 2000 hr at 700° F and reached 
a maximum by 8000 hr at 700° F. 
Although the maximum embrittle- 
ment varied for the four steels (40 to 
100° F increase in the 15-mil Charpy 
V-notch transition temperature) the 
condition of the steel had no appreci- 
able effect on the general pattern of 
embrittlement or the maximum 
embrittlement. One exception to 
this observation is the tendency for 
the stress-relieved, strained and 
restress-relieved material to recover 
some notch ductility between 8000 
and 16,000 hr, whereas the stress- 
relieved material exhibited about 
the same embrittlement after 8000 
and 16,000 hr at 700° F. 


Figure 6 reveals that the increase 
in transition temperature for the 
four embrittled steels was accom- 
panied by a proportionate increase 
in the tensile strength. Examina- 
tion of the data obtained also shows 
that the yield strength increased and 
the elongation and reduction of area 
decreased as the embrittlement at 
700° F increased. The increase in 
tensile strength with embrittlement 
is great enough so that the embrittle- 
ment could probably be detected 
by hardness measurements. This 
behavior is interesting because many 
embrittling phenomena cannot be 
detected readily by changes in 
tensile properties. 


In spite of the embrittlement ob- 
served in four of the alloy steels, 
all of the alloy steels, except HY65, 
exhibited better notch toughness 
than the carbon steels in all condi- 
tions including exposure at 700° F. 
This behavior is illustrated in Fig. 7 
for the stress-relieved condition 
and in Fig. 8 for the stress-relieved, 
strained and restress-relieved condi- 
tion. These graphs again show that 
the maximum embrittlement (cross- 
hatched part) after aging at 700° F 
varies with the steels but is essen- 
tially independent of the treatment 
imposed upon the steels. 


The results obtained to date have 
not indicated any specific mecha- 
nism by which the embrittlement 
occurs. Limited additional studies 
at higher aging temperatures suggest 
that the 700° F embrittlement may 
be an extension of temper embrittle- 
ment to lower temperatures. Al- 
though embrittlement has _ been 


reported in fully hardened alloy tion of the chemical composition 
steels of the type studied in this of the four alloy steels that exhibited 


program but usually at higher car- embrittlement after aging at 700° F 
bon contents, Jaffe’s interpretive reveals that nickel is the only ele- 
report’ indicates that essentially no ment common to these four steels 
information is available on time- and not present in the other five 
temperature embrittlement of pres- steels. The role that nickel may 
sure-vessel steels, particularly in the play, if any, in the observed embrit- 
unhardened condition. Examina- tlement is not clear. For example, 
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Fig. 2—Effect of aging at 500° F on the notch toughness of normalized pressure-vessel 
steels in the stress-relieved con dilions and in the stress-relieved, strained and 
restress-relieved condition 
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Fig. 3—Effect of aging at 500° F on the notch toughness of spray-quenched pressure- 
vessel steels in the stress-relieved condition and in the stress-relieved, strained and 
restress-relieved condition 
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the nonnickel-bearing steels may 
exhibit embrittlement at a slightly 
higher aging temperature. Thus, 
the effect of nickel could be related 
to a lowering of the embrittling 
temperature in the same way nickel 
lowers the critical temperature. 
This and similar approaches to the 
cause and elimination of the ob- 
served embrittlement are currently 
under study. 


Summary 


The results of the present investi- 
gation on the effect of aging at room 
temperature, 500 and 700° F on the 
embrittlement of carbon and alloy 
pressure-vessel steels may be sum- 
marized as follows: 


1. Effect of temperature and time. 
(a) Prolonged aging at room 
temperature after straining 
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Fig. 4—Effect of aging at 700° F on the notch toughness of normalized pressure- 
vessel steels in the stress-relieved condition and in the stress-relieved, strained and 


restress-relieved condition 
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Fig. 5—Effect of aging at 700° F on the notch toughness of spray-quenched pressure- 
vessel steels in the stress-relieved condition and in stress-relieved, strained and 


restress-relieved condition 
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resulted in no additional 
embrittlement. 
Exposure at 500° F for 
times up to 16,000 hr pro- 
duced no significant em- 
brittlement for any of the 
steels in any condition. 
Exposure at 700° F re- 
sulted in embrittlement as 
great as 100° F increase in 
transition temperature for 
certain alloy steels. 
At 700° F the maximum 
embrittlement occurred at 
about 8000-hr exposure. 
Beyond 8000-hr exposure 
no additional embrittle- 
ment was observed and the 
strained and_restress-re- 
lieved condition tended to 
recover. 

. Effect of heat treatment and 

cold work. 

(a) After stress relieving, the 
spray-quenched steels ex- 
hibited about the same 
sensitivity to embrittle- 
ment as the normalized 
steels. Therefore, any in- 
itial superiority in notch 
toughness for the spray- 
quenched steels over the 
normalized steels was re- 
tained after exposure. 

The maximum embrittle- 
ment at 700° F exhibited 
by steels in the strained 
and restress-relieved condi- 
tion was essentially the 
same as in the stress- 
relieved condition. How- 
ever, steels in the strained 
and restress-relieved condi- 
tion showed a greater ten- 
dency to recover from the 
embrittlement. 

3. Effect of steel composition. 

(a) The carbon steels and cer- 

tain alloy steels were not 
significantly embrittled by 
any of the exposure treat- 
ments. 
Only the alloy steels con- 
taining nickel exhibited 
embrittlement greater than 
30° F increase in the tran- 
sition temperature. 


The embrittlement of the alloy 
steels at 700° F was accompanied 
by a proportional increase in the 
tensile strength. 

The specific mechanism of em- 
brittlement that resulted from aging 
at 700° F was not established. 
However, limited additional studies 
indicate a similarity to temper em- 
brittlement. 
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Fig. 7—Maximum embrittlement exhibited by spray-quenched and normalized 
pressure-vessel steels in the stress-relieved condition after aging at 700° F 
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Weld Metals in Nickel-Base Alloys 


Laboratory investigation indicates that sound welds 
in these alloys tend to have good strength, ductility and 


toughness at normal and low temperatures. 
secured from argon-shielded Ni-Cr-Fe-Cb type welds 


BY J. HEUSCHKEL 


Introduction 


Nickel-base alloy structures are 
being fabricated by welding, al- 
though such alloys were not origi- 
nally designed for that specific mode 
of joining. The resulting products 
are widely used in industry for cor- 
rosion-resistant and elevated-tem- 
perature applications. Some poros- 
ity or cracking may occur during the 
welding operations.'~* The welds 
contain from 64 to 97% nickel; 
that is, pure-nickel weld metals are 
not used commercially. All but the 
Ni-Ti type alloy compositions are 
nonmagnetic. No suitable pub- 
lished data exist on the elevated- 
temperature properties of these weld 
metals to serve as a guide in de- 
fining the regions wherein they are 
weak and/or brittle. 

Within the nuclear-power in- 
dustry there has been a recent tend- 
ency to shift, or to consider shift- 
ing, from the use of AISI 300 aus- 
tenitic stainless steels to such nickel- 
base alloys as the Ni-Cr-Fe type, 
largely because of expected im- 
proved resistance to stress-corrosion 
cracking. Following the marginal 
difficulties already experienced in 
the welding of some of the AISI 
300 series of commercially available 
austenitic stainless steels,‘~* it is 
appropriate that the temperature 
effects on the properties of sound, 
nickel-base alloy weld metals be 
firmly established. Such _infor- 
mation provides a basis for judging 
the susceptibility to hot cracking 
during welding, subsequent heat 
treatments and service. It also 
provides further perspective on the 


J. HEUSCHKEL is Consulting Welding En- 
gineer, Westinghouse Research Laboratories, 
Pittsburgh 35, Pa. 


Paper presented at the AWS National Fall 
Meeting held in Detroit, Mich., Sept. 28-Oct. 1, 
1959. 


236-s | JUNE 1960 


Best results are 


general problem of hot brittleness 
in metals. Accordingly, tests were 
conducted on all-weld-metal tensile 
specimens in the as-deposited con- 
dition, made with existing nickel- 
titanium, nickel-chromium-iron- 
columbium, | nickel-chromium-iron- 
titanium and nickel-copper type 
electrodes. 

The deposits contain nickel, 
chromium, iron, copper, titanium, 
columbium (= niobium), tantalum, 
manganese, silicon, molybdenum, 
carbon and/or aluminum.'~ 
Sound welds, in these alloys, tend 
to have good strength, ductility and 
toughness at normal and low tem- 
peratures. They also tend to have 
low ductility, as little as 4% total 
elongation, across a_several-hun- 
dred-degree temperature range, 
which varies with alloy type, from 
1200 to 2200° F. In these alloy 
systems, the conditions are once 
more encountered where marginal 
success in welding operations may be 
experienced because of the inherent 
characteristics of the metals. 
Knowing these characteristics, how- 
ever, permits a more rational ap- 
proach to the selection of composi- 
tion limits, joint designs, welding 
procedures and heat treatments for 
particular service conditions. Best 
results were secured from argon- 
shielded Ni-Cr-Fe-Cb type welds, 
where a minimum total elongation of 
34% was secured. 


Experimental Objectives 


The tests described were con- 
ducted to provide basic technical 
and engineering information on 
the compositions, short-time tensile 
properties, microstructures and hard- 
nesses of as-deposited weld metals, 
and to observe how those properties 
are altered by temperature. It is 
recognized that designers need other 


information but as a guide for re- 
commendations in welded appli- 
cations, it was first necessary to 
determine if brittle ranges exist and, 
if so, to define those ranges. 

Except for welds in the Ni-Cr- 
Fe-Ti type alloy, conventional 25- 
degree included-angle, U-grooved, 
unrestrained, flat butt joints were 
made, double thickness bars being 
used as an expedient because the ° /s- 
in. thick stock desired was not 
readily available. Ni-Cr-Fe-Ti type 
alloy flats were not available in any 
thickness and longitudinally U- 
grooved pipe was used for making 
these welds. Test welds in this 
case were, therefore, subject to more 
restraint during initial cool-down 
than those in the other alloy sys- 
tems. Ten welds were made (see 
Figs. 1 to 10). Two others, not 
being reported in detail, involved 
dissimilar-metal combinations, a Ni- 
Cr-Fe alloy welded to plain-carbon 
steel, but, in general, the base metal 
was of the same composition type as 
the electrode. Both argon and 
covered-electrode shielded arcs were 
used. Tensile specimens 0.357 in. 
in diam were prepared with their 
longitudinal axes coincident with 
the longitudinal axes of the welds. 
Chemical analyses were secured 
from the ruptured shanks of these 
specimens. In no case was the 
weld-metal sulfur content more than 
0.009%, or the phosphorus content 
over 0.007%. The cobalt contents 
were less than 0.05%. 


Chemistry of Arc Transfer 
of Metal 


Argon-shielded Arcs 

Five bare-wire electrode welds 
were made with the argon-shielded 
arc (see Figs. 1, 3,6 and10). Data 
were secured to provide a_back- 
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Fig. 1—Temperature-stress-ductility relations for Ni-Ti 
type welds (argon shielded) 
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Fig. 3—Temperature-stress-ductility relations for 
Ni-Cr-Fe-Cb type welds (argon shielded) 


280 


| | | Comp. (%) 
| Ambient Ni =94.84 
Ti 3.12 
| = Si= 062 
Mn= O31 
1 u= 0073 
120} Nominal = 00019 
Ultimate N= 0002 
| 
sole+ 
WY 
40 t 
Proportional Limit 
| 


J Dendritic Fractures Fe Many Trans. Surface Cracks. 


<= 80 TT 
as 40 - 
add 
Uniform |8i 
4 4 a 2 6 20 
Test Temperature (1OO°F 
Fig. 2—Temperature-stress-ductility relations for 
Ni-Ti type welds (covered-electrode shielded) 
280 
Comp. (%) 
Normal Ambient Ni =73.68 
Cr=15.4 
Fe= 7.53 
200;q. Cb= 1.88 
Frocture Mn= 0.65 
Si= 0.24 
© '60}-- Al 0.09 
— \ Cu= 0.094 
C= 
3 2c S = 0002 
omina O = 00356 
hQ__Ultimate N = 0.037 
Proportional Limit 
Froctures 
rn Side Cracks 
| 
80 Area Reduction 
mae | Elongations 
LAS Tota 
0° 
= 
OS i\ 
Uni 


-4 ‘e) 4 8 12 16 20 24 
Test Temperature (IOO°F) 


Fig. 4—Temperature-stress-ductility relations for 
Ni-Cr-Fe-Cb type welds (covered-electrode shielded) 
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ground for evaluating the amount 
of each element lost in the gross 
transfer of metal across the arc 
where the argon envelope is sur- 
rounded by air. This is the normal 
production condition. 

The nickel mass is the same, rel- 
atively, in the weld deposit as in the 
wire; i.e., the weight loss suffered 
from oxidization, evaporation and 
spatter of molten globules does not 
alter the total percentage of nickel. 

If the ratio of the alloying element 
present in the weld, in weight per- 
cent, to the corresponding amount 
originally present in the wire is 
called the are transfer ratio, the 
lowest value of that ratio, for the 
several more prominent elements 
in the argon-shielded nickel-base 
alloy arc welds, is: 


0.98 
Chromium. . 0.96 
Manganese... ... 0.95 
Carbon... 
Titanium... 
Silicon... . 0.81 
Aluminum.... 0.79 
Columbium............... 0.78 
0.65 


The lower the order in which an 
element appears on this list, the 
more effective it is as a deoxidizer, 
or the more susceptible it is to 
evaporation. 

Because of the losses of other ele- 


Cracks 


ments, there is a slight relative gain 
in copper content in the Ni-Cu type 
weld metals over the percentage 
present in the bare wire. 

There is no general increase in 
nitrogen and oxygen contents, in- 
dicating that efficient arc shielding 
is obtained. 

When joining base metals of 
similar composition with the argon- 
shielded process, if that composition 
is to be maintained, all of the alloy- 
ing elements desired in the deposited 
weld metal must be present in the 
wire in an amount inversely pro- 
portional to the ratios listed in the 
above tabulation. 


Covered Electrodes 

The electrode coverings contain 
Ca, Na, or Na;Al fluorides. Ade- 
quate ventilation should be pro- 
vided when using these materials. 
In this respect, they are no different 
from the stainless steels. 

Oxides of Ti, Al, Si, Mg, Mo, Cr 
and/or Ca, ferroalloys, organic ma- 
terials and binders are also present 
in the coverings. Only two of the 
electrode coverings contain more 
than 10% of organic materials. 
Transfer of alloying elements across 
the covered-electrode arc is a com- 
plex phenomenon. All, part, or 
none of the alloying element found 
in the weld may come from the wire; 
the other source is the covering. 


Chromium and copper, where 
used, are added through the core 
wire, the average transfer ratio 
being 0.95 for chromium. Some 
copper in the Ni-Cu type alloys is 
brought over from the electrode 
covering as impurities in the ferro- 
alloys. 

Iron, where used as an alloy, 
comes basically from the core wire, 
but some is added via the ferro- 
alloys in the covering. 

Carbon, manganese and silicon are 
usually higher in the weld deposit 
than in the core wire, indicating 
that all three elements are present 
in the electrode coverings in sig- 
nificant amounts. 

Aluminum is transferred from the 
core wire, but the transfer ratio is 
only about 0.51. 

Titanium is transferred from the 
core wire in full amount, partly 
because enough is placed in the 
covering to compensate for transfer 
losses. This contrasts with the 
circulated opinion of the manu- 
facturers of covered stainless-steel 
electrodes, who claim that titanium 
cannot be effectively transferred 
across the covered-electrode arc. 

There is little difference between 
the oxygen, nitrogen, phosphorus 
and sulfur contents of the welds; 
all are low. The low oxygen con- 
tents of the nickel-base alloy weld 
metals are partially related to the 
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Fig. 5—Temperature-stress-ductility relations for 
annealed Ni-Cr-Fe-Ti type base metal 


Fig. 6—Temperature-stress-ductility relations for 


Ni-Cr-Fe-Ti type weld metal (argon shielded) 
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high amounts of deoxidizers present 
in the electrode wires as alloys, and 
in the coverings as ferroalloys or 
metallic powders. 


Temperature Dependence of 
Tensile Properties 


Tensile tests on 0.357-in. diam 
unnotched tensile specimens, cut 
from the center of the welds, were 
made at a 750% per hour constant 
strain rate across a temperature 
range from —320 to +2200° F for 
all but three of the welds. One 
series was tested down to —452° F. 
The other two exceptions were not 
tested below room temperature. 
Load-strain curves to rupture were 
recorded automatically in every 
case. 

The temperature dependence of 
the short-time tensile strength and 
ductility of the as-deposited weld- 
metal specimens are shown graphi- 
cally in Figs. 1 to 10 inclusive. 

Basically, these welds show about 
the same temperature response as 
was found previously for welds in 
the AISI 300 series _ stainless 
steels.°-7 With few exceptions, as 
temperature decreases below normal] 
ambients down to liquid-nitrogen 
levels, —320° F, there is little or no 
change in ductility. There is a 
slight (397) rise in the proportional 
limit and yield stresses, a modest 


(833%) increase in tensile strength 
and from zero to a substantial (74%) 
increase in fracture stress. These 
are, in general, good metals for low- 
temperature service. Of the several 
compositions, the Ni-Cu type is best 
for very low temperatures. But 
significant decreases in ductility 
were found in most of the elevated- 
temperature tests. Also, welds in 
the Ni-Cr-Fe-Ti compositions 
showed a sharp increase in yield 
strength at, or near, 1400° F, with 
corresponding losses in ductility 
(see Figs. 5 and 6). 

The detailed response secured 
from the twelve welds tested was: 


Ni-Ti Type Weld, Argon Shielded 

The argon-shielded Ni-Ti type 
alloy weld metal, with Si-Al-Mn 
present in more than trivial amounts, 
has subambient-temperature tensile 
properties characteristic of f.c.c. 
metals, Fig. 1. It is dendritic and 
large-grained, with normal orienta- 
tion, but is characterized by the 
presence of many small particles 
both within the grain matrix and at 
the grain boundaries. The larger 
particles are about 0.0001 in. in 
actual diameter. For a commer- 
cially available product, the phos- 
phorus, sulfur, oxygen and nitrogen 
contents are low. 

As temperatures decrease from 
the ambient down to —320° F, the 


yield strength rises 37%, the nomi- 
nal ultimate strength rises 39°, and 
the fracture strength rises 18%. 
There is no decrease in ductility 
down to —320° F. 

As temperature rises from the am- 
bient to 600° F, the strength drops 
slightly. Also, up to that tempera- 
ture, the ductility, as measured by 
elongation to reach maximum load 
(uniform elongation), total elonga- 
tion to rupture, and area reduction 
at fracture, are all about constant; 
the average values being 38.6, 47.6 
and 64.2% respectively. Between 
+600 and —320° F, all of the 
ruptured specimens exhibit a 
mottled side surface appearance 
(see Fig. 11), and at x 30 magnifi- 
cation with the binocular microscope 
under strong light there were no 
visible evidences of side surface 
cracks. 

At 1000° F, the fracture strength 
has dropped to slightly less than 
50% of the room-temperature value 
and, for all temperatures above 
1000° F, the fractures are no longer 
of the 45 deg “‘satin’’ to “‘unglazed 
porcelain” type, but are instead of 
the separated dendritic reed type 
(see Fig. 12). Full ductility is 
maintained up to 1000° F (see 
Fig. 1). 

Above 1200° F, up to the maxi- 
mum of 2200° F tested, all strength 
values progressively approach zero, 
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Fig. 7—Temperature-stress-ductility relations for 
Ni-Cr-Fe-Cb type weld metal (covered-electrode shielded) 
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type weld metal (covered-electrode shielded) 
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which would be expected for pure 
nickel to be at about 2650° F. 
For the 2.2% Ti nickel alloy, this 
zero-strength level is expected at a 
slightly lower temperature. 

Minimum ductility is reached be- 
tween 1500 and 1900° F. All speci- 
mens tested at and above 1000° F 
exhibit numerous side cracks (see 
Fig. 11), and the final fracture is 
simply the one region where the 
most and largest of such cracks con- 
verged into a common schism. The 
total elongation values obtained 
above 1000° F may be misleadingly 
high because they include the sum 
of all crack widths. For this reason 
the ‘“‘total-elongation” curves are 
hatched for those temperature 
ranges across which such side cracks 
were observed on the finally rup- 
tured specimens. 

Above 1800° F, all of the ductility 
indices rise to reveal the character- 
istic presence of the temperature- 
ductility dip previously described 
for similar deposits in austenitic 
Cr-Ni steel weld metals.’ There 
are reasons to believe that this is 
associated with internal microstruc- 
tural changes in these metals. The 
as-deposited hot-brittleness prob- 
lem in austenitic steels is therefore 
not circumvented by the lone ex- 
pedient of changing from Fe-Cr-Ni 
steels to a f.c.c. Ni-Ti alloy, even 
when used with argon shielding 
under ideal laboratory conditions. 


Ni-Ti Type Weld, Covered-electrode 
Shielded 

The companion weld, deposited 
with covered electrodes (see Fig. 
2), reflects more than a change in 
are shielding. The argon-shielded 
weld was made in three layers; the 
covered-electrode weld in _ nine 
beads. The microstructure is 
correspondingly finer but the basic 
dendritic grains are still “large.” 
The covered-electrode weld also 
contains more Ti (+0.91%), C 
(+0.26), Si (+0.22), Al (+0.21) and 
Mn (+0.05) than the argon-shielded 
deposit. The P, S, O, and N con- 
tents of this weld were low. 

The stress-temperature relations 
are roughly the same as for the 
argon-shielded weld, but the welds 
are generally stronger at any 
selected temperature, probably be- 
cause of the higher alloy contents. 
A less-pronounced ductility dip 
exists, and its location is shifted 
down to between 1200 and 1600° F, 
probably because of the higher ti- 
tanium content. The ductility is 
less across most of the temperature 
range, but it is more ductile within 
the 1600 to 2100° F range. At 


—320° F, the ductility, by all cri- 
teria, was decreasing. 

The specimen appearances were 
about the same, except that the 
fracture surfaces revealed the den- 
dritic structure at all test tempera- 
tures. Side surface cracks, on the 


ruptured specimens, were visible 
only for tests made at and above 
1000° F. 

Except within the 1600-2100° F 
range, the ductility of the argon- 
shielded weld is superior to the 
covered-electrode one, in 
general, the covered-electrode weld 
is stronger. If it is assumed that, 
on the first cool-down of the weld 
metal, the same strength-ductility 
relations exist at each temperature 
as is shown by the test specimens, 
the prevailing fracture strength- 
elongation relations during that 
cool-down would be as shown in 
Fig. 13. As the temperature falls 
below 2200° F, the fracture strength 
rises (reading Figs. 1 and 2 from 
right to left) and, when the ductility 
also rises, the potential for cracking 
is lower. But, when ductility falls 
disproportionately with increasing 
strength as the temperature is 
lowered, one can expect cracking 
in the presence of adequate local 
strain. Note that strain hardening 
does not occur at these high tem- 
peratures and maximum resistance 
to loading occurs at strains of about 
1% in an unnotched specimen. 
With the argon-shielded welds, one 
could anticipate that cracking would 
be most likely to occur at 1600° F 
under restrained notched conditions, 
and between 1300 and 1600° F with 
the covered-electrode weld under 
similar conditions. As__ both 
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Fig. 9—Temperature-strength-ductility relations for Ni-Cu 
type weld metal (covered-electrode shielded) 
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Fig. 10—Temperature-stress-ductility relations for 
Ni-Cu type weld metal (argon shielded) 
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Fig. 11—Typical appearance of 


ruptured specimens 


strength and ductility rise, with 
further decreasing temperatures, the 
capacity of the metal to absorb 
energy increases and cracking is not 
expected to occur in these metals. 


Ni-Cr-Fe-Cb Type Weld, Argon Shielded 

The yield strength vs. tempera- 
ture relations for the argon-shielded 
Ni-Cr-Fe-Cb type weld metal (see 
Fig. 3), are again typical of f.c.c. 
metals. These include the low rise 
in yield strength at the suppressed 
temperatures, down to —320° F, 
and the gradually drooping shelf 
that extends as temperature in- 
creases above the ambient, in this 
case, up to 1600° F. Above 1600° F, 
the yield strengths decrease rapidly 
with increased temperatures. 

The ultimate strength vs. tem- 
perature curve is almost parallel to 
the yield-stress curve except that 
the fall-off on rising temperature 
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begins at 1100° F. The fracture 
stress starts deteriorating at some 
temperature near 1000° F. 

The ductility of this metal is ex- 
cellent from -—320° F up to, and 
including, 1200° F. There is a 
slight dip in ductility between 1200 
and 2000° F, but it is not severe; 
at its lowest, the elongation is 
34.3% and the area reduction is 
41.5%, both at 1400° F. Strain 
hardening occurs up to, and in- 
cluding, 1200° F, but decreases 
rapidly above that temperature to a 
low amount at and above 1800° F. 

Random transverse cracking oc- 
curred on straining above the ulti- 
mate load (uniform elongation) 
value for all temperatures above 
1000° F and fractures show the ir- 
regular dendritic reed type for all 
temperatures over 1200° F. 

A feathery dendritic 10 macro- 
structure reveals sharply delineated 
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Fig. 12—Typical fractures 
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Ni-Cr-Fe-Cb Type Weld, Covered 
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The covered-electrode Ni-Cr-Fe- 
Cb type weld metal has the same 
general characteristics as the argon- 
shielded one, with which it is almost 
identical chemically, 
tility is inferior across the 
temperature j 
The low-ductility point, 13.1% total 
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elongation for Ni-Ti type weld metals 
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elongation for Ni-Cr-Fe-Cb type weld metals 
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Fig. 15—Structures of Ni-Cr-Fe-Ti type base metal at X 1000. (From 
unstrained ends of tensile specimens tested at temperatures 
listed.) (Reduced by approx. '/, upon reproduction) 


elongation, is between 1700 and 
2100° F. 

Treating the temperature- 
strength-ductility relations for the 
Ni-Cr-Fe-Cb type welds, as was 
done for the Ni-Ti ones, it would be 
expected that a minimum tendency 
for cracking would exist with the 
argon-shielded welds (see Fig. 14). 
Covered-electrode welds would be 
expected to crack only near the 
2000° F level. 


Ni-Cr-Fe-Ti-Type Alloys 

The Ni-Cr-Fe-Ti type base, and 
weld, metals and one variation of 
the weld metal, have special charac- 
teristics. For the base metal, a 
slight increase occurs in _ yield 
strength as the temperature in- 
creases from 300 to 600° F, then 
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decreases as the temperature rises 
to 1000° F, and then it rises sharply 
to a maximum at 1400° F (see Fig. 
5). As the strengths increase, the 
ductility decreases disproportion- 
ately. The minimum ductility at 
1400° F is 7.4% total elongation and 
13.4% area reduction. At 1600° F, 
the fractures in the base metal had 
the appearance of grain separations 
in a compact of wet sand. At 
1800° F, and above, the metal is 
very ductile; >99.2% area re- 
duction at 1800, 2000, and 2200° F. 
At 1800° F, the total elongation is 
107.9%. 

The certified analysis (7) of the 
tube stock involved is: 


Nickel... . 


2.49 
Aluminum...... 


Manganese... . 


anism, effective in the annealed base 
metal, is temperature dependent and 
is effective at two levels. Between 
>300 and <600° F and again be- 
tween >1000 and <1600° F, the 
mechanism causes increases in yield 
strengths with minor increases in 
tensile strength (see Fig. 5). Serra- 
tions occur in the load-strain curves 
only within the 600—1200° F range, 
i.e., when there is a maximum gap 
between fracture and yield 
strengths. Such serrations are as- 
sociated with precipitation-harden- 
ing phenomena occurring during 
strain hardening. This occurs in 
low-carbon steel welds at about 
300° F* and in some precipitation- 
hardening stainless steels at 1200° F. 

The titanium compounds that 
precipitate within the <600 to 
>1400° F range cause the increased 
yield, ultimate and fracture 
strengths (see Fig. 15). The over- 
all increase in the grain strengthen- 
ing components, caused by the 
presence of the precipitate, without 
a proportionate increase in cohesive 
strength between the grains pro- 
duces the low-ductility rupture at 
1400° F. At 1600° F, the difference 
between the fracture stress and the 
yield and ultimate stresses is a 
minimum. It is here that the sand- 
compact type failure occurs (see 
Fig 15). As the temperature in- 
creases further, the return of the 
precipitate into solution in the 
matrix results in excellent ductility 
at lowered strengths, normal for the 
temperature levels. This effect, ex- 
cept for the time scale, is analogous 
to the formation and re-entry into 
solution of the brittle sigma phase 
in the austenitic matrix Fe-Cr-Ni 
steels as temperatures progressively 
increase. 
Ni-Cr-Fe-Ti Type Welds, Argon- or 
Covered-electrode Shielded 

The argon-shielded Ni-Cr-Fe-Ti 
type weld metal (Fig. 6) had tensile 
characteristics roughly similar to 
those of the base metal as related to 
temperature, except that a rise in 
yield strength does not occur at 
600° F. A_ pronounced rise in 
yield strength does occur at >1000 
and <1600° F, with a corresponding 
disproportionate drop in ductility, 
4.2% total elongation on one speci- 
men and only 2.8% on a recheck. 
At 1800° F, and above, the duc- 
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tility is good; >51% area reduction 
and >44% total elongation. The 
fracture stress is poor for all tem- 
peratures above 1000° F. 

The covered-electrode shielded 
welds had similar characteristics, 
except that the ductility across most 
of the temperature range was poor. 
This weld contained some cracks in 
the as-deposited condition. At 
1300° F, the total elongation was 
<1% and the area reduction 11.3% 
These data are not included in de- 
tail. (See Fig. 16 for microstruc- 
tures). 

A weld of similar composition 
made between a Ni-Cr-Fe alloy and 
plain-carbon structural steel with 
argon shielding and a commercially 
available electrode also exhibited a 
rise in yield strength at 1400° F, 
with the corresponding ductility dip, 
7% total elongation. 

Significantly, these three welds 
are the only ones of the basic Ni-Cr- 
Fe composition series studied that 
contain high titanium, from 2.35 to 
2.66%. Of the 12 welds covered by 
this study, only these three ex- 
hibited the high-yield-strength 
characteristic at 1400° F. It is 
therefore the titanium that makes 
the difference in the Ni-Cr-Fe com- 
bination, but the presence of ti- 
tanium in nickel (see Figs. 1 and 2 
and in the Ni-Cu alloys (see Fig 10) 
has no such effect in the short-time 
tensile test. There is, however, 
some evidence of this phenomenon 
in the hardness data (see Fig. 18) 
for the unstrained metal. 

Additional welds of the covered- 
electrode Ni-Cr-Fe-Cb type (see 
Figs. 7 and 8) with low titanium 
(Ti 0.25/0.48), did not exhibit the 
yield stress rise or the ductility dip 
at 1400° F. A weld made with a 
covered electrode that is no longer 
commercially available (see Fig. 7) 
exhibits no anomalies in strength- 
temperature relations and shows 
good ductility up to and including 
2200° F, with a ductility rise at 
>1200 and <2000° F. Another 
covered-electrode weld (see Fig. 8) 
containing 0.25°% titanium, also 
exhibited no anomalies in the 
strength-temperature relations, but 
it had a minimum ductility at 
1900° F. At that temperature, the 
total elongation was only 7.1% 
Both of these welds contained de- 
fects of the porosity-cracking type 
from their original solidification. 
The first root bead of this deposit 
cracked _ badly. Unfortunately, 
from a property determination point 
of view, the variable restraint con- 
ditions in the tube has had its in- 
fluence on these results, but that 
condition has, at the same time, pro- 
vided information to show that, in 


Fig. 16—Structures of covered-electrode Ni-Cr-Fe-Cb-Ti-Ta type welds at X 1000. 
(From unstrained ends of tensile specimens tested at temperatures listed). 
(Reduced by approx. 
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production, caution must be exer- 
cised in the selection and use of these 
compositions. A weld made with 
the same electrode between two 
flat pieces of Ni-Cr-Fe alloy and car- 
bon steel had closely similar proper- 
ties, but somewhat improved duc- 
tility, 13.2°% minimum total elonga- 
tion at 1800° F. The iron content 
was higher and the nickel and 
chromium contents lower because of 
enrichment and dilution resulting 
from the carbon-steel member. 

The choice between Cb and Ti 
as additions to the Ni-Cr-Fe alloy 
series is therefore a delicate one. 
More than 2° Ti, with or without 
Cb, produces precipitation harden- 
ing and 1400° F embrittlement; 
less than 0.5% Ti with too high Cb, 
>1.9°%, produces low ductility at 
1800° F or higher. 


Ni-Cu Type Welds, Covered Electrode 
and Argon Shielded 

Ni-Cu type weld metals (see Figs. 
9 and 10) exhibit normal tempera- 
ture-strength relations up to the 
2200° F maximum investigated. 
The fracture strengths are poor 
above 600° F, but are excellent at 
the very low temperatures. There 
is little difference between the 
covered-electrode and the argon- 
shielded deposits. At 600° F and 
lower, the ductility is excellent, but 
a marked deterioration in ductility 
is already in evidence as the tem- 
perature increases up to 1000° F, 
and these values continue to de- 


generate to a minimum between 
1200 and 2000° F, being less than 
15% total elongation for all but 
one point within that range, and 
having a minima of 6.2 and 7.1% 
total elongation for the covered- 
electrode and argon-shielded de- 
posits at 1200 and 1600° F re- 
spectively. 

Of special academic interest are 
the results secured at liquid helium 
temperatures (—452° F) with the 
argon-shielded Ni-Cu alloy weld 
metal (see Fig. 10). The yield 
strength maintained its relatively 
low rate of rise down to that tem- 
perature, only 4.5° above absolute 
zero, while maintaining excellent 
ductility, 47.3% total elongation 
and 61.8% area reduction. 

The fracture stress vs. elongation 
values are shown for the Ni-Cu 
welds in Fig.17. The critical crack- 
ing temperatures appear to be at 
1600 and 1200° F; 1600° F being 
the most critical for both shielding 
methods. 


Hardness Variations 


Hardness traverses were made on 
the unstrained butt ends and in the 
strained shanks 0.75 in. from the 
ends of most of the tensile specimens 
after rupture (see Fig. 11). This 
provided independent information 
on the effects of the thermal and of 
the thermal-stress cycles (see Figs. 
18 to 21). 

The covered-electrode Ni-Ti type 


if 
| 


Shielding Code 


welds were softened when heated to 
and above 1700° F (Fig. 18), but 
the argon-shielded welds were es- 
sentially unaffected by brief (20 
min) exposure to any of the 2200° F 
maximum test temperatures. For 
both cases, there was evidence o 
hardening at 1400° F. Strain hard- 
ening occurred up to 1280 and 
1440° F, respectively, lower curve, 
but it was most appreciable below 
1100° F. 


Ni-Cr-Fe-Cb type welds (Fig. 19) 
had essentially the same response, 
regardless of shielding mechanism. 
The as-deposited welds were 
softened slightly upon exposure to 
temperatures above 1600° F. The 
strain hardening was about constant 
up to 1000° F. It decreased rapidly 
above that temperature, to very 
small amounts at and _ above 
1700° F. 

The Ni-Cr-Fe-Ti type base metal 
hardness-temperature responses re- 
vealed softening of the strained 
metal above 1400° F and hardening 
of the unstrained metal after ex- 
posure to temperatures of 1200° F 
and above. The hardness increase 
in the unstrained metal is the result 
of a precipitation phenomenon pre- 
viously discussed. These weld 
metals, containing >2.0% titanium, 
respond, in general, in the same 
manner as the base metal (see Fig. 
20), but in a more pronounced man- 
ner. The unstrained metal in- 
creases in hardness after exposure 
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to temperatures above 1000° F. 
This increases to a maximum at 
1400° F, and for higher temperatures 
the hardness progressively decreases 
as the precipitate returns into solu- 
tion. The net result is that there is 
little difference between the hard- 
ness of the strained and unstrained 
metal for exposures to temperatures 
of 1400° F and above. Modified 
electrodes, producing welds con- 
taining columbium, do not exhibit 
the precipitation-hardening phenom- 
enon. These metals are softened 
somewhat by exposure to tempera- 
tures above 1400° F and the maxi- 
mum straining hardness decreases 
as the temperatures exceed 1000° F. 
No net increase in hardness occurs 
from straining at temperatures of 
1800° F and above. 

A titanium-bearing deposit, made 
between a Ni-Cr-Fe alloy and plain- 
carbon steel, again shows the 
1400° F increase in hardness in the 
unstrained weld metal. This weld 
is the only one of the entire series 
that shows at least some strain 
hardening at all test temperatures. 

Ni-Cu type welds showed the 
least sensitivity to strain hardness 
(see Fig. 21). They were softened 
by exposure to temperatures above 
1800° F and revealed no precipita- 
tion-hardening effects. 

In general, all of the nickel-base 
alloy welds, except the Ni-Cu group, 
increased about 100 DPH in the 
uniformly strained metal over that 
in the unstrained butts, up to about 
1000° F. This differential dropped 


Fig. 20—Hardness data for Ni-Cr-Fe-Ti type welds 


to from less than 25 DPH to a nega- 
tive value above 1200° F for the 
Ni-Ti and the Ni-Cu type welds 
(see Figs. 18 and 21); above 1400° F 
for the Ni-Cr-Fe-Cb and Ni-Cr-Fe- 
Ti welds (see Figs. 19 and 20); and 
above 1600° F for the Ni-Cr-Fe-Cb- 
Ti welds. 

There is a general near-linear re- 
lation between the amount of strain 
at uniform load and the strain 
hardening increase, although this is 
more pronounced in some composi- 
tions than in others. For a 40% 
uniform strain, the hardness in- 
crease ranges from 60 in the Ni-Cu 
type welds to as high as 150 for the 
Ni-Ti and the Ni-Cr-Fe-Ti welds. 
In the high-temperature tests there 
was little uniform, and total, strain; 
also, there is little increase in hard- 
ness at those temperatures. In 
general, for a given strain, the hard- 
ness increase is less in the argon- 
shielded welds than in the covered- 
electrode ones. 


Magnetic Characteristics 

Magne-gage readings showed all 
the welds to be nonmagnetic, except 
the Ni-Ti alloy series. These two 
welds had the magnetic equivalent 
of more than 35% ferrite in the total 
mass. 


Conclusions 

1. The transfer efficiencies of the 
primary alloying elements across the 
welding arc in the nickel-base alloys 


are: 


Fig. 21—Hardness data for Ni-Cu type welds 
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Test Temperature 


Shielding — 
Covered 
Element Argon electrode 
Fe 0.98 >1.0 
Cr 0.96 >0.95” 
Mn 0.95 0.85” 
Cc 0.95 
Ti 0.82 0.92 
Si 0.81 >1.02 
Al 0.79 0.51° 
Cb 0.78 >1.0 
Ta 0.65 >1.02 


@ Net for fortified covering 
> Net for unfortified covering. 
€ Independent of covering fortification 


2. Any desired composition in 
nickel-base alloy weld metals can be 
secured by either shielding tech- 
nique by properly balancing wire 
and covering compositions. 

3. Ni-Cu type alloy welds are 
low in ductility at all temperatures 
above 1200° F, but are very ductile 
below 800° F and down to liquid- 
helium temperatures. 

4. Ni-Ti type alloy welds have a 
low-ductility dip centered at 
1800° F. 

5. Ni-Cr-Fe-Cb type alloy welds 
have maximum hot ductility, par- 
ticularly when argon shielded. 

6. Welds in the Ni-Cr-Fe series 
become precipitation hardened and 
very brittle at 1400° F when more 
than 2% Ti is added to the deposit, 
regardless of the arc shielding media. 

7. Ni-Cr-Fe-Ti type alloy welds 
are not only hot brittle but are crack 
sensitive under nominal levels of 
restraint. 

8. Ni-Cu, 
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Fe-Cb type alloy welds have ex- 
cellent ductility and strength at 
extremely low temperatures. The 
yield stress tends to rise with 
lowered temperatures about in line 
with accepted values for f.c.c. 
metals. 

9. Strain hardening below 
1000° F is basically a function of the 
amount of strain, and for a given 
amount of strain it is a minimum in 
the Ni-Cu alloys and a maximum in 
the Ni-Ti and Ni-Cr-Fe-Ti alloys. 

10. All welds in these alloys are 
nonmagnetic except for the Ni-Ti 
compositions. 
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Resistance Seam Welding of Terne Plate 


The changes in welding variables necessary for seam welding terne plate are described, 
and the welds produced are compared with welds having a zinc coating 


BY HORACE F. GREER AND M. 


Introduction 

Coated-steel sheets have wide ap- 
plication in industry for products 
which must be resistant to corrosion 
and have liquid-tight seams. This 
report is one of several which deals 
with the uses of resistance seam 
welding as a method for producing 
acceptable welded joints. The first 
two reports compared the results 
of welding uncoated and zinc-coated 
low-carbon steel at the welding 
conditions for uncoated steels, and 
established the fact that coated 
materials require different machine 
settings to produce welds of con- 
sistent high quality. This report 
describes the changes in welding 
variables necessary for seam welding 
terne plate and compares the welds 
produced with welds having a zinc 
coating. 

Terne plate is sheet steel which 
has been coated with an alloy of 
lead and tin. The normal composi- 
tion of the terne-alloy coating is 
75% lead and 25% tin; however, 
wide variations in composition are 
not uncommon. The reason for a 
proportion of tin in terne metal is 
that lead, by itself, is insoluble in 
both solid and liquid iron, so there 
is no tendency for lead to wet the 
steel or to bond itself to a steel 
surface by alloying. The addition 
of 25% tin enhances the adhering 
property of the lead-alloy coating 
to such an extent that by weight, 
only a half or a third as much is 
required to achieve the same pro- 
tection as would be required for 
lead or zinc, respectively. 


Effect of Metallic Coatings 
on a Resistance Weld 
The presence of any low-melting- 
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point coating on the surface of a 
weldment involves some difficulty 
in seam welding in that the coating 
tends to alloy with the wheel elec- 
trodes, and some provision is neces- 
sary for cleaning the whee! surface. 
Another effect of coatings is to in- 
crease the number of layers of 
metal initially present between the 
electrodes from two to six, thereby 
increasing the electrical resistance 
as compared to uncoated steel. 
The melting of a coating in the 
course of making a seam weld in- 
troduces a third effect—that of 
being a cooling medium or heat 
sink for the area surrounding the 
weld, tending to restrict the maxi- 
mum temperature reached. 

The problem of electrode pickup 
may be countered by employing 
a knurled driving roller to break 
up the alloyed material on the elec- 
trode face. This technique proved 
reasonably satisfactory in welding 
terne plate although the electrode 
pickup was found to _ progress 
rapidly. 

A resistance weld is made by an 
application of force and heat gen- 
erated by resistance to the passage 
of an electric current; the presence 
of extra layers of metal in a weld 
area affecting the manner in which 
heat is produced in the weld region. 
With uncoated weldments, the three 
primary resistances are the contact 
resistances between the electrodes 
and weldments, plus the interface 
resistance between the weldments. 
The electrode-weldment contact re- 
sistances are small, and heat gen- 
erated at the outside surfaces is 
dissipated by flood cooling. It is 
the heat generated at the interface 
which produces the weld. 

For coated weldments, the major 
resistances are still the contact 
resistances; however, the distribu- 
tion of resistance across the weld- 
ments changes once the welding is 
begun. With the first generation 
of heat, the low-melting-point coat- 


ing liquefies and is squeezed away 
from the weld area by the force 
applied by the electrodes. Ideally, 
the displacement of the liquid 
coating results in a_ steel-to-steel 
contact at the sheet interface, and 
welding then proceeds as in un- 
coated materials. There is, how- 
ever, the possibility that some of 
the coating will be trapped in the 
weld area and remain as an inclusion 
defect. The requirement that the 
liquefied coating be forced from the 
weld area dictates the use of higher 
electrode forces when welding coated 
materials. 

The melting of the coating pro- 
duces cooling in the weld area and 
represents a heat loss to the base 
metal. 'To compensate for the heat 
deficit, either the electrical resist- 
ance or the welding current must 
be increased. No ‘extra’ heat is 
generated due to increased electrical 
resistance because the initial re- 
sistance decreases in accordance 
with melting of the coating until 
its value is that of the two steel weld- 
ments in close contact. The in- 
creased heating required for the weld- 
ing of coated steel can be achieved 
only by an increase in the welding 
current. 

In summary, it is seen that a 
metallic coating introduces the fol- 
lowing considerations to the seam- 
welding process: (1) the problem 
of the coating alloying with the 
electrode; (2) the problem of se- 
curing a steel-to-steel contact at 
the interface; and (3) the problem 
of countering the cooling effect 
associated with melting of the 
coating. 


Equipment and Materials 

A circular seam-welding machine 
was employed to produce the seam 
welds involved in this study. With 
a power input of 440 v and 60 
cycle current, the transformer for 
the welding machine was rated at 
250 kva. Control of the current 
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Table 1—Information on Terne-coated Steel Sheet 


Coating 
weight, class, 
oz/ft? oz/ft? 
0.48 0.55 
0.37 0.45 
0.33 0.35 
0.45 0.55 


Coating 


Gage 


Steel 


00: 


00: 
00: 
008 


variables associated with the weld- 
ing process was provided by a 
thyratron control unit. This fully 
electronic control permitted the 
selection of “on” and “off” times 
of 1 to 32 cycles in one cycle incre- 
ments, and provided for current 
variation by means of a _ phase 
control which adjusted the basic 
sine wave to correspond to the 
selected percent heat. 

The copper-base electrodes em- 
ployed were made of a RWMA 
Class II alloy recommended for 
seam welding coated steels. The 
electrodes were 10 in. in diam 
and '/, in. thick, with the face 
width reduced to */\, in. by 10-deg 
tapers, and '/,-in. radii provided 
at the face edges. The resulting 
electrode face was °/»-in. wide 
and fitted snugly into the driving 
roller. Knurled driving rollers were 
employed to rotate the electrodes. 

Materials. Steel sheets for pro- 
duction of terne-coated sheet steels 
are supplied in three qualities; 
namely, “commercial,” ‘‘drawing”’ 
and “‘physical,”’ according to whether 
ductility or mechanical tests are 
specified. The materials used in 
this investigation were hot-dip 
coated 22-, 20- and 18-gage com- 
mercial-quality steel sheets. This 
means that the steel sheets were 
produced from rimmed, capped or 
semikilled steel, at the producer’s 
option. Table 1 summarizes in- 
formation given on the shipping 
documents of the material used in 
this investigation, and shows the 
coating weight as determined by 
ASTM triple-spot test, and corre- 


Fig. 1—High welding 
produced ‘‘tear-drop”’ nugget shape 
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sponding “coating class,” plus the 
chemical analyses of the steel and 
terne alloy. 


Procedure 


The resistance-seam-welding 
process is complicated by interrela- 
tion of its four major variables, 
namely, electrode force, current tim- 
ing, welding current and welding 
speed. Toestablish optimum condi- 
tions, a systematic variation of the 
welding variables must be made us- 
ing some arbitrarily selected initial 
settings. The investigational proce- 
dure described below proved satis- 
factory and was applied to each of 
the three gages investigated. 

Selection of Welding Speeds and 
Timing (for initial experiments). 
A welding speed of 60 ipm was 
selected because work with other 
coated steels indicated that this 
was the optimum speed. In addi- 
tion, a speed of 100 ipm was investi- 
gated because of the industrial 
trend toward higher welding speeds. 
A current timing for making the 
first welds was selected by consult- 
ing a welding schedule for uncoated 
steels and increasing the recom- 
mended heating time by one cycle. 
This timing was used to establish 
the optimum electrode force. The 
optimum timing was not deter- 
mined until later in the investiga- 
tion. 

Determination of Optimum Elec- 
trode Force. Using the arbitrarily 
selected welding speed and current 
timing, welds were made at several 
settings of electrode force, and for 
each electrode force the welding 
current was varied to produce a 
series of welds. The welds pro- 
duced in this manner were often 
not of top quality, but a clearly 
defined region of better-quality 
welds was distinguishable in each 
investigation made. The electrode 
force that produced the better 
welds was designated as “opti- 
mum.” 

The procedure described above 
was applied uniformly to each of 
the three gages of material; with 
the exception that, for the 22-gage 
material, optimum force investiga- 


tionS were conducted at three 
welding speeds, namely, 60, 100 
and 150 ipm, to confirm that no 
change in optimum electrode force 
accompanied a change in welding 
speed. 

Determination of Optimum Tim- 
ing and Welding Current. With 
the established optimum electrode 
force, welds were made with varia- 
tion in welding current for each of 
several current timings. From 
these welds, the optimum current 
timing and welding current were 
determined. 

Welding Technique. In prepara- 
tion for the welding operation, 
weldments were wiped free of loose 
dirt and dust with a clean cloth. 
No other preparation was deemed 
necessary, for the surface was only 
slightly oiled. The welds were 
made by superimposing one 1-x 
30-in. strip upon another and then 
seam welding along the center of 
the strips. From these welded 
strips, specimens were taken for 
metallurgical examination, X-ray 
evaluation, and corrosion testing. 

Metallurgical Examination. Met- 
allurgical examination of the welds 
consisted of measuring the nugget 
penetration* and inspecting the 
welds for defects. Both longitudi- 
nal and transverse sections were 
employed. The longitudinal sec- 
tions were used in studying defects 
such as microscopic and _ visual 
transverse cracks, lack of nugget 
overlap and the extent of porosity; 
while transverse sections were 
needed to reveal unsymmetrical 
nuggets. 

Corrosion Testing. To determine 
the corrosion resistance of terne 
plate after it was welded, speci- 
mens possessing the heaviest coat- 
ing of terne, 0.48 oz per sq ft, 
were subjected to 100% humidity 
at room temperature for four 
months, November through Feb- 
ruary, and inspected periodically 
for corrosion. 


Results 


Percent nugget penetration was 
used as the first criteria for evalua- 
tion of weld quality, but complete 
evaluation was based upon inspec- 
tion for weld defects and upon 
peel-and pillow-test performance. 
Measurement of nugget penetration 
was made using longitudinally sec- 
tioned specimens, for this exposed 
several nuggets in each seam weld 
and allowed an average assessment of 
penetration. 


Effect of Welding-speed Varia- 


* Nugget penetration is defined to be the ratio 
of weld-nugget thickness to the total thickness of 
the joint. 


cee Cc, Mn, P, S, Pb, Sn, . 
% % % % % 
22 0.06 0.41 0.mm8 0.021 72.77 27.23 
es 22 0.07 0.39 #0. 0.024 78.23 21.17 : 
= 20 0.05 0.30 0. 0.028 75.17 24.83 
a: 18 0.05 0.26 0. 0.041 73.26 26.74 
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tion. To determine the effect of 
welding speed on optimum electrode 
force, welds were made in 22-gage 
material at speeds of 60, 100 and 
150 ipm, with various electrode 
forces, and a current timing of 4 
cycles on and 2 off. It was found 
that the optimum electrode force 
was unaffected by changes in weld- 
ing speed. For 22-gage sheet, the 
optimum electrode force was 900 
Ib. One effect of increased weld- 
ing speed was that each increase 
in speed required an increase in 
current in order to achieve a given 
nugget penetration. The increase 
in current was required because 
more material was passing between 
the electrodes per unit time, due 
to increased speed, and additional 
heat (current) was required to 
weld the ‘“‘extra’’ material. 

It was also found that an increase 
in the welding speed increased 
nugget spacing and altered nugget 
shape. Nugget spacing was barely 
sufficient to produce tangency of 
the nuggets at 100 ipm, so this 
speed was the upper linit for pro- 
ducing seam welds. The effect 
of increased welding speed on nug- 
get shape was to change the con- 
tour from oval to “tear drop” 
as shown in Fig. 1. Large voids 
occurred frequently in the thickest 
portion of the weld nugget near the 
plane of the interface due to pre- 
mature release of electrode force 
inherent with high welding speed. 

The shape of the nugget shows 
that, after the initial impulse of 
current, the amount of heat gen- 
erated decreased. The decrease in 
nugget thickness was the result of 
increased electrical resistance caused 
by heating of the steel. After the 
first impulse of current, the ma- 
terial adjacent to the weld area 
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Fig. 2—Effect of electrode force on nugget penetration 
and welding current for 22-gage terne plate 
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Fig. 3—Effect of elecirode force on nugget penetration 


19 2! 23 


WELDING CURRENT IN THOUSANDS OF AMPERES 


and welding current for 22-gage terne plate welded at 100 ipm 


was preheated by conduction, and 
portions of the subsequent current 
flow were diverted around the nug- 
get region, thus reducing the heat 
generated in the trailing weld area. 
One effect of the diverted current 
was the formation of twin projec- 
tions at the interface periphery of 
almost every nugget. 

The fact that the “diverted- 
current’? phenomenon is common 
to all welds was shown by the 
presence of the projections on welds 
made both at 150 and 60 ipm as 
shown in Fig. 1 and later in Fig. 4, 
respectively. The overlapping nug- 
gets at low welding speeds obscure 


- 


a& 


> a... 


the decreased heating effect, but 
the wide nugget spacing of the 
higher welding speeds distributes 
the decrease in nugget thickness 
and produces the “‘tear-drop”’ shape. 

Effect of Electrode-force Varia- 
lion. Figures 2 and 3 show the 
results of welds made in 22-gage 
terne plate with variations in elec- 
trode force at welding speeds of 
60 and 100 ipm, respectively. The 
maximum pentrations obtainable 
without excessive flashing and elec- 
trode sticking were 80% in 22- 
gage, 70% in 20-gage and 50% in 
18-gage terne plate which are ap- 
proximately the maximum pene- 


Fig. 4—Macrograph 
showing the normal 
increase in nugget 
size which accompa- 
nies increased weiding 
current. Welds were 
made in 22-gage terne 
plate with 900-Ib elec- 
trode force and weld- 
ing speed of 60 ipm. 
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Fig. 5—Region of optimum welds (shaded area) and 
defects encountered outside the optimum region 


for 22-gage terne plate welded at 60 ipm 


trations obtained in galvanized steel 
of the same gage. Figures 2 and 3 
also illustrate that an increase in 
electrode force requires an increase 
in current to maintain a given 
penetration. 

The macrographs in Fig. 4 show, 
for 22-gage material welded at 
60 ipm, the effect of current varia- 
tion at an electrode force of 900 
lb. The weld produced at 15,000 
amp did not possess complete pene- 
tration and was unsatisfactory un- 
der pillow testing. Welds made 
with 16,000, 17,000, 18,000, 19,000 
and 20,000 amp show the normal 
increase in nugget size associated 
with an increased current. 

For the electrode forces investi- 
gated, it was noted that the weld 
defects could be grouped into zones 
or regions in which a particular 
weld defect predominated. The 
shaded areas in Figs. 5 and 6 indi- 
cate regions of optimum weld qual- 
ity. The figures also point out 
the defects encountered if condi- 
tions are outside the optimum 
zone. Figures 5 and 6 are 22- 
gage material at welding speeds 
of 60 and 100 ipm, respectively. 

The limits of the optimum regions 
for each of three gages were set 
by excessive flashing and electrode 
sticking at the higher penetrations 
and by insufficient bonding or 
joining at the lower penetrations. 
The lateral boundaries of the opti- 
mum region were not so easily 
defined, for the change in weld 
quality was gradual. The bound- 
aries were drawn in the light of 
the observation that acceptable 
welds could be achieved with elec- 
trode forces 100 lb. above or below 
the designated optimum electrode 
force. The optimum forces for 
22-, 20- and 18-gage material were 
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Fig. 6—Region of optimum welds (shaded area) and 
defects encountered outside the optimum region for 


22-gage terne plate welded at 100 ipm 


found to be 900, 1000 and 1100 lb, 
respectively, which are partially 
the same as the electrode forces 
recommended by Volek! and 
Allen’ for seam welding the corre- 
sponding gages of galvanized steel. 
The only difference in recommended 
electrode forces was that for 22- 
gage material both Volek and Allen 
recommended 1200-lb_ electrode 
force; however, their welds were 
essentially pressure welds with no 
real nugget formation. Welds 
made with 900-lb electrode force 
possessed large well-defined nug- 
gets as was shown in Fig. 4. 

Where defects were present, these 
were similar in all gages of material 
except that transverse cracks were 
detected in the 22-gage material 
and not in the 20- and 18-gage 
terne plate. A discussion of the 
causes which produced these cracks 
is presented under “Weld Defects.” 

Figures 7 and 8 show the effect 
of a variation in electrode force on 
nugget penetration when the weld- 
ing current is held constant. They 
pertain to 22-gage terne plate at 
60 and 100 ipm, respectively. The 
decrease in penetration obtained 
with higher electrode force is due 
to decreased interface-contact re- 
sistance causing less heat generation. 
The macrographs in Fig. 9 illustrate 
the decrease in penetration obtained 
with increased electrode force in 
22-gage material at a constant cur- 
rent of 17,000 amp. 

As shown in Figs. 7 and 8, the 
curvature of the penetration lines 
changed from convex to concave 
when the welding speed was changed 
from 60 to 100 ipm. It is believed 
that this occurrence is due to the 
“tear-drop” nugget shape which 
reduces the average nugget pene- 
tration for high welding speeds. 


With an electrode force of 900 lb 
and a welding current of 17,000 
amp, 60% penetration was ob- 
tained at 60 ipm as compared to 
48% at 100 ipm. It appears that 
intermediate welding speeds would 
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get penetration with welding current 
held constant. 22-gage terne plate; 
welding speed 60 ipm 
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produce transition configurations 
from convex to concave, and that 
a particular welding speed would 
produce a linear relationship be- 
tween nugget penetration and elec- 
trode force. 

Effect of Current-timing Varia- 
tion. Briefly stated, the biggest 
problem associated with seam weld- 
ing is control of the “heat input” 
at the weld area. Selection of an 
electrode force and a welding cur- 
rent provides a certain amount of 
heating control, but fine adjustment 
can best be accomplished by current 
timing. The effect of current tim- 
ing is to distribute the current im- 
pulses along the weld. Current 


timing is referred to as “heat” 
time and “cool’”’ time or as 
time and “off time. The heat 


time governs the amount of heat 
available to produce the weld nug- 
get; while the cool time determines 
the nugget-to-nugget. spacing and 
allows time for heat dissipation, 
which is necessary to prevent over- 
heating in the weld areas. 

Heat-time Variation. Change in 
heat time (while holding the cool 
time constant) was found to have 
little effect on the penetration ob 
tained in any of the three materials. 
Figures 10 and 11 show this result 
for 22-gage terne plate at speeds of 
60 and 100 ipm, respectively. This 
finding indicates that, for a given 
gage of terne plate, the amount of 
penetration obtained depends pri- 
marily upon the welding current 
used to make the weld. The weld- 
ing current, however, is determined 
by the current timing and the per- 
cent heat setting. Percent heat 
is the ratio of the heat produced 
with an altered sine wave to the 
heat produced by an _ unaltered, 
full-sine wave. Increased heating 
time was found to produce a slight 
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increase in nugget size which was 
helpful in improving nugget over- 
lap, but tended to cause large voids 
in the nugget interior. 

Cool-time Variation. For 22- and 
20-gage terne plates the effect of 
increasing the cool time, while 
holding the heat time constant, 
was to sharply reduce the amount 
of current required to produce a 
given nugget penetration. Figures 
12 and 13 illustrate this result for 
22-gage terne plate at speeds of 
60 and 100 ipm, respectively. This 
was the result expected because 
the increased cool time increased 
nugget spacing thereby reducing 
shunting effects and allowing more 
time for heat dissipation between 
current impulses. The time avail- 
able for heat dissipation is important 
for it lowers the temperature and 
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Fig. 12—Effect of cool-time variation on 
nugget penetration and welding current. 
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Fig. 13—Effect of cool-time variation on 
nugget penetration and welding current. 
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the electrical resistance of the weld- 
ment at the point of the next cur- 
rent impulse. The slight reduction 
in resistance tends to cause less 
total heat to be generated between 
the electrodes; however, this loss 
is more than offset by the heating 
effect produced by the proportional 
increase in the current which flows 
through the weld area, since heat 
is proportional to RI’. 

The findings in the 18-gage ma- 
terial were not at all similar to the 
results obtained in the 22- and 20- 
gage terne plate as may be seen in 
Fig. 14. This is because increased 
cool time increased the current 
required to achieve a given pene 
tration. Apparently, the heavier 
gage material introduces some new 
consideration to the welding opera- 
tion; possibly an increase in elec- 
trical resistance or an_ increase 
in heat dissipation due to larger 
amounts of surrounding metal. 
Either one of these possibilities or 


a combination of two of them might 
account for the increase in current 
required to obtain a given penetra- 
tion, but they provide no ready 
explanation for the transition range 
in which penetration remained un- 
changed by substantial increases 
in current. 

Continuous Current. Continuous 
current was investigated because 
it offered a means of achieving 
nugget overlap at high welding 
speeds. It was found that nugget 
overlap was consistent, but that 
close control of the welding current 
was mandatory to minimize weld 
defects. Slight overheating of the 
weld produced large voids and longi- 
tudinal cracks as shown in Fig. 15. 
The defects pictured in Fig. 15 
occurred in a weld possessing only 
35% penetration made with 900-lb 
electrode force, at a welding speed 
of 150 ipm, and with welding cur- 
rent of 22,000 amp. Welds with 
higher penetrations contained larger 
voids. 

Welds made with currents in- 
sufficient to produce weld nuggets 
were sporadic combinations of sol- 
dering and solid phase bonding. 
The solid-phase bonding appeared 
very much as that pictured in Fig. 
17. It appears that, if sound welds 
are to be produced by continuous 
current, the nugget formation should 
be avoided, especially for high weld- 
ing speeds where the release of 
the electrode force is premature; 
also, emphasis should be placed 
on the pressure welding obtained 
with low welding current. 

The sporadic solid-phase bond- 
ing obtained might be improved 
by reducing the width of the elec- 
trode face or by increasing electrode 
force. If dependable pressure weld- 
ing were achieved, then it might 
also be possible to increase welding 
speed. 


Fig. 15—Composite micrograph of weld defect found in a weld 
produced in 22-gage terne plate with 900-lb electrode force, 
welding speed of 150 ipm, and 22,000 amp of continuous current. 
Nugget penetration was 35%. Micrograph shows less than 


half of the actual defect. 
production) 
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Weld Defects. Weld quality in 
each of the three gages of terne 
plate was found to be most affected 
by electrode force and cool time. 
Generally, welds made with less 
than optimum electrode force were 
degraded by the presence of inclu- 
sions and widely distributed poros- 
ity. Welds made with electrode 
force above the optimum suffered 
from surface indentation and severe 
squeezing of the weld nugget. 

The cool time employed to pro- 
duce a weld was also a factor in 
determining weld quality. Gener- 
ally, reducing the cool time to one 
cycle tended to overheat the weld 
area and cause porosity and shrink- 
age cracks in the nugget. A cool 
time of two cycles normally pro- 
duced welds with less porosity and 
shrinkage defects. Welds made 
with three cooling cycles were about 
equal in quality to the two-cooling- 
cycle welds except that nugget 
overlap was lacking. 


Fig. 16—Shrinkage defect caused by ex- 
cessive heat time. Surface indentation 
and bulging at center of weld due to de- 
fective electrode face. x 12. (Reduced 
by '/. upon reproduction) 


The over-all effect of cool time, 
however, must be judged with 
consideration given to heat time, 
material thickness and current mag- 
nitude. Excessive current pro- 
duces welds having porosity and 
shrinkage defects. Figure 16 shows 
a weld made with an excessive heat 
time of 6 cycles which was partially 
remedied by 2-cycles cool time; 
but even so, the nugget in the 18- 
gage specimen was overheated and 
displayed a large shrinkage defect. 

Lack of nugget overlap was a 
problem associated with the 22- 
and 20-gage terne plate at the higher 
welding speed of 100 ipm. Nugget 
overlap was found to be improved 
with an increase in material thick- 
ness, due to the increased heating 
associated with the increase in 
resistance. For this reason, nugget 
overlap improved from marginal 
in the 22-gage terne plate to mod- 
erate in the 20-gage terne plate, 
and to more than adequate in the 
18-gage material. 

Figure 17 is a micrograph of the 
region between two of the layers or 
bands of martensite, and reveals 
that solid-phase bonding has been 
accomplished. In _ pillow _ tests, 
welds of this nature displayed no 
pin-hole leaks up to 100 psi and 
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withstood pressure of over 200 psi 
before failure occurred outside the 
seam weld. 


Transverse cracking was a weld 
defect that was found rather fre- 
quently in 22-gage terne plate, 
occasionally in 20-gage terne plate 
and not at all in the 18-gage ma- 
terial. These cracks were detected 
largely in welds of higher penetra- 
tion, and occurred invariably in 
the depressions which were formed 
in the weld surface by the knurled 
electrode faces. Figure 18 is a 
macrograph of a longitudinal sec- 
tion of two welds showing unusually 
large cracks which pass completely 
through the weld. It was found 
that the cracks ranged in size from 
the microscopically small to the 
visibly large. The consistent loca- 
tion of the transverse cracks in 
the impressed furrows suggests that 
these cracks are caused by thermal 
and vibrational stresses. Depres- 
sions would serve to concentrate 
the stresses and trigger the crack 
propagation. This view is some- 
what supported by the routine 
observation that the 22-gage weld- 
ments were subjected to severe 
vibration due to the fluctuating 
magnetic field surrounding the weld- 
ing operation. 

To test this idea, a simple fixture 
was added to the backup plate 
used to guide the strips between 
the electrodes. A small shelf was 
placed about four inches to the side 
and a quarter inch above the point 
of contact with the electrodes. 
The purpose of the shelf was to 
lift the weldments and maintain 
a slight spring tension in them as 
they emerged between the elec- 
trodes. With this device, welds 
were made in the 22-gage material 
at the same conditions which pro- 
duced cracking in the first welds. 
There was a definite reduction in 
the vibration observed during the 
welding operation, and no large 
cracks were found in the metallur- 
gical specimens. Some small trans- 
verse cracking occurred, but magni- 
fication was required to detect the 
small and infrequently spaced cracks. 


Nugget Hardness. A survey of 
the hardness across a weld area 
was made using a Knoop hardness 
tester. It was found that the 
dark etched layers at the upper and 
lower surfaces of the weld were 
harder than any other structure 
in the weld area, possessing a Rock- 
well “B” hardness of 108. This 
exceeded the Rockwell “‘B”’ hard- 
ness of 95, which is the maximum 
hardness obtainable in steel with 
the carbon content involved in this 
investigation. A similar structure 


and hardness had been encountered 
by Volek' in his investigation of 
galvanized steel, and an investiga- 
tion into the source of the unex- 
pected hardness found that carbon 
concentration occurred in some areas 
and produced the high hardness. 
That a similar structure and 
events occur in terne plate should be 
expected, since the chemical analy- 
ses for the terne-coated and gal- 
vanized steels were very similar. 
The fact that the structures and 
hardness were similar, also detracts 
from the idea that the “extra” 
hardness was due to alloying of 
the coating with the steel. If this 
were the case, then it would be 
expected that the hardness of the 
“galvanized” dark areas would differ 
from the “‘terne plate”’ dark areas. 
For the welds made in this in- 
vestigation there was a heat-affected 
zone (HAZ) composed of large 
grains in the region between the 
dark etched layers and the nugget. 
The hardness of the heat-affected 
zone was about 72 on the Rock- 
well “B”’ scale. Across the nugget 
the hardness was near the maxi- 
mum attainable with 0.06° -carbon 
steel. The nugget hardness was 
93 on the Rockwell ‘“B’’ scale. 
Figure 19 presents the findings of 
the hardness survey. A hard ma- 
terial possesses high strength, but 
it is also brittle; therefore, the 
presence of the dark etched layers 
near the surface was conducive to 
cracking and contributed to the 
production of transverse cracks. 


Corrosion Resistance. For com- 
parison, a few galvanized-steel speci- 
mens were included with the terne- 
plate specimens in the corrosion 
test. The welds in the galvanized 
material quickly developed a white 
‘frosting’ over their entire surface; 
while the terne-plate specimens in 
the same interval developed rust 
areas on and near the seam weld. 


The corrosion specimens were 
1-x 2-in. sections cut from the test 
weld strips. In the 100°; humidity 
room, the specimens were inclined 
at an angle from the _ vertical. 
Since a fine spray was ejected into 
the test chamber near the ceiling, 
the inclination of the specimens 
tended to produce a wet upper and 
a dry lower surface on each speci- 
men. The abundance of water 
on the upper surface caused ex- 
tensive rusting, and the surface 
was heavily coated with a layer of 
red and orange oxide. The lower 
surface, however, was only locally 
attacked, with the rust areas de- 
veloping where there were irreg- 
ularities in the weld surface. Cor- 
rosion on the dry side of the speci 
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Fig. 17—Micrograph of solid-phase bond- 
ing achieved between the bands of 
hard constituent which connect the nug- 
get. x 156. (Reduced by '/; upon re- 
production) 


Fig. 18—Longitudinal sections of two 
welds possessing unusually large trans- 
verse cracks completely through the 
weld. xX 10. (Reduced by '/, upon re- 
production) 
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Fig. 19—Survey of the hardness 
across a weld nugget 


men was limited, and in the four- 
month test period appeared to do 
no great harm to the weld. How- 
ever, the aqueous attack on the 
upper side of the specimen was 
severe and concentrated along the 
edge of the weld. The welding 
operation did not remove all of 
the terne from the path of the weld, 
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PERCENT 
HEAT 


WELDING 
CURRENT, 


ipm amperes 


3 2 17,000 


18,000 


17,500 


*/s2 


= 


18,500 


°/s2 


but enough was removed to expose 
the steel to corrosion attack. The 
corrosion resistance of welded terne 
plate was only moderate and was 
much less than that of welded gal- 
vanized steel. 

Electrode Life. Alloying of terne 
metal with the electrodes occurred 
in the seam-welding operation and 
produced a marked change in weld- 
surface appearance and electrode 
contour. The first welds were made 
with new and freshly machined 
electrodes and were accompanied 
by flashing and a tendency for 
electrode sticking. As welding con- 
tinued, the alloy coating on the elec- 
trodes increased and the weld sur- 
faces lost their sticky, melted ap- 
pearance and began to show dis- 
tinct ridge impressions from the 
knurled electrode face. Flashing 
and electrode sticking were reduced 
even for high welding currents. 
After 600 ft of welding, the alloy- 
ing on the electrodes had produced 
a line depression in the middle of 
the electrode face which encircled 
the electrode wheel. Also, the con- 
tour of the electrode face had been 
changed from flat to concave. 
Other effects were increased elec- 
trode indentation at the edge of 
the weld and bulging at the center 
of the weld. Reference is made to 
Fig. 16 to illustrate the indentation 
and bulging produced in the weld. 

For the concave shape to have 
developed, more alloying must have 
occurred at the center of the elec- 
trode face than at its edges. The 
conditions surrounding the welding 
event were such as to produce 
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increased wear at the center of the 
electrode face. The heat generated 
at the weld surfaces was dissipated 
by conduction and water cooling. 
The center of the electrode face 
was less affected by these cooling 
processes than were the edges; 
therefore, its higher temperature 
was conducive to more alloying 
and wear. 

Electrode life was not much 
greater than 500 ft due to the bulge 
in weld thickness. This compares 
to an estimated electrode life of 
over a thousand feet for galvanized 
steel. The vaporization of zinc 
removed it from the weld area so 
that little remained to alloy with 
the electrodes; whereas, with the 
melting of terne alloy, the coating 
remained in close contact with the 
electrodes and was readily available 
for electrode pickup. It is expected 
that electrode life could be greatly 
improved if additional cooling were 
available. 


Conclusions 


Based upon an evaluation of the 
results obtained in this investiga- 
tion, the seam-welding schedule in 
Table 2 is given as a guide for weld- 
ing 22-, 20- and 18-gage terne plate, 
and the following conclusions are 
presented: 

1. The optimum electrode force 
for a given gage of terne plate is 
independent of the welding speed. 

2. For a given gage of material, 
the optimum electrode force is the 
same for terne plate and galvanized 
steel. 


3. The welding current recom- 
mended for welding terne plate is 
in line with that recommended for 
galvanized steel. 

4. The optimum current timing 
is the most difficult evaluation to 
make and the timings presented in 
Table 2 should be interpreted as 
being approximate rather than final 
determinations. 

5. A fitted knurled driving roller 
is necessary to remove pickup from 
the electrodes and to prevent mush- 
rooming. 

6. The most common weld de- 
fect was porosity, which was pres- 
ent, more or less, in all welds. 

7. Transverse cracking can be 
eliminated or greatly reduced by 
restricting the vibration of the 
weldments after passing between 
the electrodes. 

8. The corrosion resistance of 
welded terne plate is much less than 
that of welded galvanized steel, 
and judgment should be exercised 
in using such welds where they 
would be exposed to water for long 
periods. 

9. Electrode life is limited in 
seam welding terne plate, but this 
difficulty might be removed if a 
means were provided for increased 
cooling. 

10. Lack of nugget overlap does 
not necessarily imply a “leaky” 
seam weld, since “‘martensitic’’ pres- 
sure welds occur between the nug- 
gets. 

11. By employing continuous cur- 
rent and higher interface pressures 
to produce solid-phase bonding, 
it seems likely that welding speed 
could be increased. 
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Arc Welding of 5% Cr—0.5% Mo Alloy-Steel Pipe 


Wide use of low-chromium-molybdenum steels in petroleum industry 
prompts study on properties of weldments of these steels, 
particularly with reference to extent to which thermal 


ABSTRACT. Unrestrained weldments 
were made using Cr '/2% Mo al- 
loy-steel pipe and 5% Cr-—'/2% Mo, 
1'/,% Cr—'/2% Mo, 25% Cr - 12% Ni 
or 25° Cr—20% Ni electrodes. The 
hardness and tensile properties were 
correlated for both 5% Cr-—'/2% Mo 
alloy-steel pipe material and 5% Cr 
'/2% Mo alloy weld deposits. The 
heat-affected zones of the 5% Cr — '/2% 
Mo alloy-steel pipe had adequate duc- 
tility even in the absence of preheat or 
postheat treatments. Postheat tem- 
peratures of 1250° F and above im- 
parted appreciable ductility to 5% 
Cr —'/2% Mo weld metal; however, a 
temperature of 1400° F gave markedly 
more ductility and is preferred. If 
11/,% Cr—'/2% Mo, 25% Cr-—12% Ni 
or 25% Cr-—20% Ni electrodes were 
used for unrestrained weldments of 5% 
Cr — '/2% Mo alloy-steel pipe, no pre- 
heat or postheat treatments were 
needed to obtain adequate weld duc- 
tility. However, refinery experience 
has indicated that austenitic stainless- 
steel welds on ferritic base metals may 
crack eventually when subjected to 
thermal cycling. 


Introduction 


The wide use of low-chromium- 
molybdenum steels in the petroleum 
industry has prompted a series of 
studies on the properties of weld- 
ments of these steels, particularly 
in reference to the extent to which 
thermal treatments are required to 
obtain satisfactory _ properties. 
Three previous papers'~* have de- 
scribed the results of welding 0.5% 
Cr—0.5% Mo, 1.25% Cr-—0.5% Mo 
and 2.25% Cr-—-1.0% Mo steels. 
This paper will describe the results 
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treatments are required to obtain satisfactory properties 


BY J. BLAND AND G. F. TISINAI 


of a similar study made on 5.0% 
Cr—0.5% Mo steel. In the earlier 
papers, particular reference was 
made to the resistance of the 
Cr— Mosteels both to graphitization 
and to high-temperature hydrogen 
attack. 

The American Standard Code for 
Pressure Piping‘ recommended a 
minimum preheat temperature of 
450° F and a minimum sstress- 
relieving temperature of 1200° F. 
This treatment is accepted also by 
the AMERICAN WELDING SOCIETY.’ 
The Pipe Fabrication Institute‘ 
recommends a 250° F minimum 
preheat temperature before tack 
welding, and a 400 to 700° F preheat 
and interpass temperature or a 
partial stress relief between 1200 
and 1400° F for 30 min or more if 
welding is interrupted. Postheat 
treatment of 1325 to 1400° F for 
1 hr per in. of thickness, but not 
less than 1 hr, also is recommended 
by the Institute. The AWS Stand- 
ard for Interruption of Heat 
Treatment’ states that the heating 
cycle may be safely interrupted for 
the 5.0% Cr-—0.5% Mo steel in 
wall thicknesses 1 in. and below, 
provided it is welded under con- 
trolled procedures using low-hydro- 
gen electrodes. However, the weld 
deposit should never be less than 
one-third the wall thickness or 
two layers, whichever is greater. 
Holmberg* reported on the weld- 
ability of the ferritic 5 to 9% Cr- 
0.5 to 1% Mo steels and the use of 
austenitic electrodes when _ post- 
heating could not be done readily. 

As in the past studies of this 
series, particular emphasis was placed 
on a correlation of the hardness 
measurements of the weld metal 
and heat-affected zones with the 
ductility values exhibited in both 
tensile and bend specimens. The 
need of such a correlation is em- 


phasized in particular when elec- 
trodes depositing high-strength weld 
metal are used, since deformation in 
these specimens under load occurs 
preferentially in the lower strength 
base metal. 

The mechanical property most 
difficult to evaluate from the tests of 
weldments is ductility. A butt- 
weld tensile-test specimen, for ex- 
ample, involves a composite volume 
of metal including unaffected base 
metal, deposited weld metal and 
heat-affected base and weld metals. 
Each portion contributes to the 
over-all deformation to varying 
degrees. The extent of such varia- 
tion can be determined most readily 
by a hardness survey across the weld 
section, providing the ductility of 
the particular zone can be cor- 
related with the particular hardness 
level. If this correlation is un- 
known, there can be no sound basis 
in using the hardness measurements 
for the evaluation of the weld. 

In the text of this paper, the fol- 
lowing designations will be used: 
1'/, Cr Mo for 1.25% Cr—0.5% Mo 
steel, 5 Cr Mo for 5.0% Cr—0.5% Mo 
steel, 25-12 Cr Ni for the 25% Cr- 
12% Ni austenitic stainless steel 
and 25-20 Cr Ni for the 25% Cr 
20% Ni austenitic stainless steel. 


Experimental Procedures 


Portions of 5 in.-schedule 160, 
5 Cr Mo steel pipe were heat 
treated to the 1700° F normalized, 
1700° F water quenched, 1700° F 
water quenched and_ tempered, 
1900° F normalized, 1900° F water 
quenched and 1900° F water 
quenched and _ tempered states. 
The analysis of the pipe is given in 
Table 1. Button-head, 0.505-in. 
diam tensile bars were made from 
such heat-treated materials, as well 
as from as-received stock, and tested 
to failure in a hydraulic testing 
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Table 1—Chemical Composition of Deposited Weld Metal and Alloy Pipe Material 


AWS 
class 
E502-15 
E502-15 
E502-15 
E502-18 


Chemical composition, % 
Mn P Ss 

0.43 0.011 0.013 

0.47 0.011 0.015 

0.55 0.014 0.012 


Brand 
code 
Electrode No. 1 
Electrode No. 2 
Electrode No. 3 
Electrode No. 4 


Covering 
type 
Low hydrogen 
Low hydrogen 
Low hydrogen 
Iron powder- 


low hydrogen 0.014 


0.014 


0.022 
0.014 


0.64 


Pipe material 0.42 


machine. The button heads of all zones and base metals on each of the properties of heat-affected zones of 


tensile specimens were cut off and 
their hardnesses determined by 
Rockwell B and C tests. These 
hardness values then were converted 
to Brinell hardness values. Equa- 
tions correlating the hardness and 
tensile data were obtained by ana- 
lyzing the data on an IBM 705 
digital computer. Particular em- 
phasis will be placed on the equation 
correlating hardness with percent 
elongation im 2 in. (hereafter re- 
ferred to as “‘ductility”’ ). 

Test plates for all-weld-metal 
specimens of four different brands of 
5 Cr Mo electrodes were made in 
accordance with AWS specifications. 
Analyses of the as-deposited metals 
are given in Table 1. The test 
plates were made with combinations 
of 300, 500° F and no preheats with 
both 1350° F and no postheats. 
Duplicate all-weld-metal, button- 
head, 0.505-in. diam tensile bars 
were made from each weld deposit 
and tested to failure in a hydraulic 
testing machine. The button heads 
of all tensile specimens were cut off 
and their hardnesses determined 
by Rockwell B and C tests. These 
hardness values then were converted 
to Brinell hardness values. Equa- 
tions correlating the hardness and 
tensile data were obtained by ana- 
lyzing the data on the digital com- 
puter. 

Full-thickness, multipass butt 
welds were made between 2'/,-in. 
long sections of the 5-in., schedule 
160, 5 Cr Mosteel pipe with electrode 
brand No. 1. All weld joints were 
60-deg included-angle single vees 
with a '/3. to '/\-in. root face and a 
5/3. to '/s-in. root opening. Backing 
straps were not used. One weld- 
ment was made with each of 300° F, 
500° F and no preheats. All welds 
were made in the flat position (pipe 
horizontally rolled) with welding 
current in the range recommended 
by the manufacturer of the electrode. 
Each welded ring was cut longitu- 
dinally into 16 pieces, and the 
individual pieces were postheated 
for '/», 1, 2 and 4 hr at each of the 
temperatures 1250, 1300, 1350 and 
1400° F. Hardness measurements 
were made of the welds, heat-affected 
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48 pieces after they had been pol- 
ished suitably. 

Full-thickness multipass butt 
welds were made between 6-in. long 
sections of the 5-in., schedule 160, 
5 Cr Mo steel pipe with each of the 
electrodes listed in Table 1. All 
weld joints were 60 deg included- 
angle single vees with a '/3. to '/\«- 
in. root face and a */3. to '/s-in. 
root opening. Backing straps were 
not used. The welds were made 
with four preheat-postheat combina- 
tions, viz.,300-1250° F,500—1250° F, 
300-1350° F and 500-1350° F. 
All postheat times were 1 hr. All 
welds were made in the flat position 
(pipe horizontally rolled) with weld- 
ing currents in the range recom- 
mended by the manufacturers of 
the particular electrodes. Side- 
bend, notch-bend, hardness-meas- 
urement and Charpy V-notch impact 
specimens were prepared from the 
weldments. Longitudinal bend 
specimens were prepared from full- 
thickness longitudinal butt welds 
made between 6-in. long quarter 
sections of the pipe under similar 
welding conditions described above. 

Full-thickness multipass butt 
welds were made between 6-in. long 
sections of the 5-in., schedule 160, 
5 Cr Mo pipe with austenitic stain- 
less-steel electrodes of the 25-12 
Cr Ni and 25-20 Cr Ni compositions 
and the low-alloy ferritic electrode 
of the 1'/, Cr Mo composition. 
Conditions of welding were similar 
to those described previously for 
5 Cr Mo electrodes except for pre- 
heat-postheat conditions. The 
welds made with the austenitic 
stainless-steel electrodes were made 
both with no preheat and with a 
500° F preheat. No postheats were 
made. The welds made with the 
1'/, Cr Mo electrode were made 
with a 300° F preheat followed by 
both no postheat and a 1250° F- 
1 hr postheat. Side-bend, notch- 
bend and _ hardness-measurement 
specimens were prepared from the 
weldments. 


Results 


Hardness-Tensile Properties of 
5 Cr Mo Pipe Metal. The tensile 


pipe welds are virtually impossible 
to obtain directly because of their 
small volume. However, the micro- 
structures of such zones usually 
are intermediate between the micro- 
structures of the base metal in the 
normalized and in the water- 
quenched (from austenitizing tem- 
peratures) conditions. Through the 
heat treatments given this pipe 
metal, a variety of microstructures 
was obtained which had various 
hardness values. The data ob- 
tained in these experiments showed 
that the hardness and tensile prop- 
erties produced by any given tem- 
pering treatment were very similar 
whether the temperature from which 
the sample was water quenched was 
either 1700 or 1900° F (see Table 2 
and Fig. 1). The correlation be- 
tween the hardness and _ tensile 
data obtained by the digital com- 
puter analysis are given below. The 
precision limits for the quadratic 
equations were much better than 
those for the linear equations: 


Precision limits 
for correspond- 
ing linear 
equations 
Yield strength, psi +18,090 psi 
= 1331.1 Bhn—1.73 
(Bhn)? — 122,230 
(+11,160 psi) 
Tensile strength, psi 
= 246.52 Bhn + 0.503 
(Bhn)? + 26,480 
(+7120 psi) 
% Elongation in 2 in. 
= 69.92 — 0.314 Bhn 
+ 0.00044 (Bhn)? (i.e., 
ductility) (+2.42%) 
% Reduction of area 
= 56.98 + 0.211 Bhn 
— 0.00056 (Bhn)? 
(+4.74%) 


+9,170 psi 


The curves for the above equations 
were drawn by the 705 computer 
and the one correlating ductility 
and hardness is shown in Fig. 2. 
By applying the equations to hard- 
ness data obtained in heat-affected 
zones of pipe welds, the tensile 
properties of the heat-affected zones 
can be approximated. 


4 
Cc Cr Mo 
0.04 87 «4.50 0.64 
0.10 82 4.33 0.71 
0.06 24 «5.19 (0.59 
0.45 4.18 0.64 
: 
by 
ing 
| 


Table 2—Mechanical Properties of Heat-treated 5 Cr Mo Steel Pipe 


Specimen Thermal 
no. treatment 


As received 
1700 F—1 hr—air cool 
1700 F—1 hr—H.O 
1700 F, H.O, 1100 F—'/. hr 
1700 F, HO, 1100 F—1 hr 
1700 F, H.O, 1100 F—2 hr 
1700 F, H.O, 1100 F—4 hr 
1700 F, H.O, 1200 F—'/. hr 
1700 F, H.O, 1200 F—1 hr 
1700 F, H.O, 1200 F—2 hr 
1700 F, H.O, 1200 F—4 hr 
1700 F, H.O, 1300 F—'/. hr 
H.O, 1300 F—1 hr 
H.O, 1300 F—2 hr 
1700 F, H.O, 1300 F—4 hr 
1700 F, H.O, 1400 F—'/. hr 
1700 F, H.O, 1400 F—1 hr 
1700 F, H.O, 1400 F—2 hr 
1700 F, H.O, 1400 F—4 hr 
1900 F—1 hr—air cool 
1900 F—1 hr—H.O 
1900 F, , 1100 F—'/, hr 
1900 F, , 1100 F—1 hr 
1900 F, 1100 F—2 hr 
1900 F, 1100 F—4 hr 
1900 F, 1200 F—'/, hr 
1900 F, 1200 F—1 hr 
1900 F, 1200 F—2 hr 
1900 F, 1200 F—4 hr 
1900 F, 1300 F—'/. hr 
1900 F, 1300 F—1 hr 
1900 F, 1300 F—2 hr 
1900 F, 1300 F—4 hr 
1900 F, 1400 F—'/. hr 
1900 F, 1400 F—1 hr 
1900 F, 1400 F—2 hr 
1900 F, 1400 F—4 hr 


1700 F, 
1700 F, 


oo0o000000000 


2 

3 

4 

5 

6 

7 

8 

9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 


Hardness, 
Bhn? 
151 
362 
372 
322 
283 
270 
260 
250 
240 
222 
222 
216 
210 
195 
190 
200 
190 
176 
169 
362 
382 
322 
276 
270 
265 
250 
240 
228 
216 
216 
216 
210 
185 
185 
190 
185 
172 


Yield 
strength, psi’ 
44,100 
121,000 
140,000 
135,000 
122,000 
117,000 
109,000 
102,800 
95 ,000 
89,000 
84,500 
81,000 
77,000 
71,000 
66 ,000 
69,500 
64,500 
60,000 
55,400 
119,000 
139,000 
133,000 
124,000 
115,000 
110,000 
103,000 
95,500 
89,000 
85,000 
81,000 
79,000 
74,500 
70,300 
71,800 
67,000 
61,700 
56,400 


Ultimate 

strength, psi 
76 ,000 
190,000 
190,000 
153,000 
138,000 
134,500 
126,000 
121,000 


Elongation, % 
in 2in. 


33.5 
14.0 
12.0 
15.5 
16.0 
17.5 
18.5 
18.5 
19.0 
21.0 
21.5 
23.0 
24.0 
25.0 
25.5 
26.0 
28.0 


WO WWD LW & 


Reduction 
of area, % 


yo.9 
55.0 
62.0 
72.0 


~~ 
~~ 


®@ Converted from Rockwell hardness measurements. 
50.2% permanent set. 


Table 3—Mechanical Properties of Deposited Weld Metal 


Electrode Preheat, Postheat, 
no. °F 
None 
None 
300 
300 
None 
None 
None 
None 
300 
300 
300 
300 
500 
500 
None 
None 
300 
300 
300 
300 


W W AD PO PO PO PO PO PO 


Hardness, 
290 
245 
240 
228 
240 
240 
185 
195 
223 
240 
195 
195 
220 
240 
332 
322 
190 
190 
216 
210 


Yield 
strength, 


83,700 


Ultimate 
strength, 
psi 
118,000 
119,000 
104,000 
102,000 
113,000 
115,000 

88,700 
89,000 
114,500 
114,500 
88,700 

89,500 
114,000 
118,000 
145,000 
148,000 
90 ,000 
92 ,100 
98 ,500 
98 ,500 


Elongation, % 


in 2 in. 


8. 
21 
15. 

8 
23. 
22 
16. 

22 
16. 
12. 

2 
12 
22. 
22. 
19. 
ai. 


Reduction of 


area, % 


15 


67. 


67 


50. 
28. 
64. 


67 


49. 
63. 


65 
49 


42. 
6. 


42 
70 


68. 
56. 


68 


@ Converted from Rockwell hardness measurements. 


° 0.2% permanent set. 
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74.0 
73.5 
73.5 
74.5 
112,700 76.0 : 
108,000 75.0 
104,000 74.5 
101,000 76.0 
99,000 77.0 
. 94 ,600 77.0 : 
91,000 76.0 
93,700 77.0 
89,000 78.0 
86 ,000 76.0 
83,600 78.0 
184,000 51.0 
187,000 59.0 
150,000 70.0 
: 140,000 72.0 
133,000 73.0 
127,000 72.0 
120,000 73.0 
113,500 74.5 
107,000 74.5 
104,000 76.0 
101,000 78.0 
101,000 0 
96 ,000 0 
93,000 0 
95 ,500 0 
91,700 
87,000 
83,000 mo 
psi 
91,500 
97,500 
91,500 
89,600 |_| 
87,000 
89,600 
71,000 
71,500 
89,600 
91,500 
70,700 
72,500 
83,500 | 
87 ,500 
121,000 
116,000 
74,700 | 
77,500 
84,000 
= 


Hardness-Tensile Properties of 
5 Cr Mo Weld Metal. The tensile 
properties of weld metal in pipe 
welds cannot be obtained readily by 
direct tests because tensile bars 
made from weldments usually fail 
in the base metal rather than in 
the weld metal. The hardness and 
tensile data obtained from the 
samples made from the all-weld- 
metal specimens are listed in Table 3. 
‘The correlation between the hard- 
ness and tensile data obtained by the 
digital computer analysis is given 
in adjacent column. The equations 
are given in linear form since the 
precision limits for the corresponding 
quadratic equations are not much 
different. 


Precision limits 
for correspond- 
ing quadratic 

equations 

Yield strength, psi = 
300.14 Bhn + 17,400 
(+9360 psi) 

Tensile strength, psi = 
376.17 Bhn + 20,485 
(+12,190 psi) 

% Elongation in 2 in. 
= 51.88 — 0.154 Bhn 
(i.e., ductility) 
(+6.82%) 

% Reduction of area = 
154.15 — 0.451 Bhn 
(+19.52%) 


+9,590 psi 


+11,865 psi 


+6.94% 


+20.08% 


The curves for the above equa- 


tions were drawn by the 705 com- 
puter and the one correlating duc- 
tility and hardness also is shown in 
Fig. 2. By applying the equations 
to hardness data obtained from 
weld metal in pipe welds, the tensile 
properties of the weld metal can be 
approximated. 

These data indicate that the 
pipe metal has a greater ductility at 
a given hardness value than the 
weld metal. This difference is very 
pronounced at hardnesses above 
225 Brinell. In comparing all of 
the tensile properties at various 
hardness levels, those of the pipe 
metal generally show much less 
deviation from the curves than do 
those of the weld metal. 


Table 4—Effect of Preheat and Postheat (Time and Temperature) on Hardness-Ductility of Welds Made on 
5% Cr-'/.% Mo Steel Pipe Using Brand No. 1 (5% Cr-'/.% Mo) Electrode 


Preheat, Postheat, 
a F and Hr 
1250—'/. 
1250—'/. 
1250—'/. 
1250—1 
1250—1 
1250—1 
1250—2 
1250—2 
1250—2 
1250—4 
1250—4 
1250—4 
1300—'/. 
1300—'/, 
1300—'/. 
1300—1 
1300—1 
1300—1 
1300—2 
1300—2 
1300—2 
1300—4 
1300—4 
1300—4 
1350—'/, 
1350—'/, 
1350—'/, 
1350—1 
1350—1 
1350—1 
1350—2 
1350—2 
1350—2 
1350-——4 
1350—4 
1350—4 
1400—'/ 
1400—'/, 
1400—"'/. 
1400—1 
1400—1 
1400—1 
1400—2 
1400—2 
1400—2 
1400—4 
1400—4 
1400—4 


0 
300 
500 

0 
300 
500 

0 
300 
500 

0 
300 
500 

0 
300 
500 

0 
300 
500 

0 
300 
500 

0 
300 
500 

0 
300 
500 

0 
300 
500 

0 
300 
500 

0 
300 
500 

0 
300 
500 

0 
300 
500 

0 
300 
500 

0 
300 
500 


—__——Brinell 
Heat-affected 
zone 


233 
237 
240 
235 
233 
229 
235 
237 
226 
233 
213 
224 
215 
199 
209 


——Calculated ductility’ 
Heat-affected 
Weld zone 


13.1 20.4 
12.1 20.2 
13.3 19.8 
14.2 20.1 
14.7 20.3 
13.2 21.2 
14.7 20.1 
13.1 20.2 
13.6 21.5 
14.7 20.4 
13.4 22.8 
13.6 21.6 
16.1 22.4 
16.1 24.8 
16.1 23.5 
16.6 23.5 
16.5 23.6 
16.1 24.8 
15.8 23.0 
16.5 23.6 
16.6 22.8 
16.7 23.6 
16.9 22.8 
15.8 23.8 
14.7 21.2 
15.5 20.9 
14.7 22.0 
14.9 
16.1 21.5 
14.7 23.6 
15.0 21.6 
15.8 23.6 
16.1 22.4 
15.7 25.4 
14.7 22.4 
15.8 22.0 
18.7 24.4 
18.7 23.5 
18.9 24.8 
15.5 22.4 
5.5 22.4 
16.1 23.3 
19.7 26.7 
19.4 27.0 
20.1 27.3 
23.0 27.3 
28.1 
22.6 29.2 


@ Converted from Rockwell C hardness. 
As calculated from the appropriate equations. 
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| 
Pipe 
250 141 
249 
242 139 
240 
249 
240 141 
250 144 
240 
248 137 
247 139 
231 147 
231 140 | 
231 140 
= 228 209 139 
- 229 210 141 | 
of 231 200 141 
233 212 140 
229 210 140 
228 213 142 
AS 226 210 144 
na 224 213 144 
Ny 233 205 142 
i 240 228 144 
235 231 137 
Bent 240 220 140 ; 
238 218 142 
st 231 226 145 | 
240 210 145 
| 237 224 144 
Ws 233 210 144 
an 231 215 144 | 
é 234 195 142 ‘ 
240 215 140 
ale 233 220 143 
Te 215 202 145 | 
215 209 143 
213 199 142 
oh 235 216 145 
Sf 235 215 143 
wot 231 211 148 
Es 207 187 151 
209 185 142 
ie 204 182 143 
187 182 145 
191 177 140 
= 190 170 142 


Brinell Hardness 


1700 F, Water Quenched 
1900 F, Water Quenched 


1 2 } 4 


Time at Temperature (Hrs) 


Elongation 
2 inches) 
A 
> 


(percent in 


1700 F, Water Quenched 
1900 F, Water Quenched 


2 3 ~ 


Time at Temperature (Hrs) 


Fig. 1—Effect of temperature and time of 
tempering on hardness and ductility of 
5 Cr Mo steel, water quenched from 1700° 
F and from 1900° F 


Effect of Various Preheats and 
Postheats on the Hardness of 5 Cr Mo 
Weldments. The hardness measure- 
ments and the calculated ductility 
values of the welds and heat-affected 
zones on each of the 48 pieces of 
pipe weld made with electrode 
brand No. 1 with the variety of 
preheats and postheats are given in 
Table 4. 

The ductility of weld metal 
using normal welding practice is 
less for any given preheat-postheat 


° 
0 @0 200 240 260 200 300 320 340 360 380 400 


HARONESS 


Fig. 2—The curves drawn by the 705 com- 
puter for the equations relating the hard- 
ness and ductility for the pipe and the 
weld metals 


treatment than the ductility of 
weld metal made according to 
AWS specifications for producing 
all weld-test samples. This dis- 
crepancy is due to the differences in 
techniques in making the welds and 
does not indicate that the pipe 
welds are unacceptable. The data 
show that preheats up to 500° F do 


300-1250F 


Fig. 3—Longitudinal bend specimens of 
weldments made on 5 Cr Mo pipe with 


the 5 Cr Mo electrode No. 1. Approxi- 
mately X '/, 
not affect the final hardnesses 


of welds and heat-affected zones 
whereas postheats do. The calcu- 
lated ductilities of welds is between 
12.1 and 14.7% for a 1250° F post- 
heat, 15.8 and 16.9% for a 1300° F 
postheat, 14.7 and 16.1% for a 
1350° F postheat and 15.5 and 23.0 % 
for a 1400° F postheat. It must be 
remembered that in the all-weld- 
metal samples, the measured duc- 
tilities of samples given a 1350° F 
postheat were between 19.0 and 
25.0%. In comparing the data for 
the 1400° F postheat, an anomaly 
appears. The '/»-hr treated samples 
show ductilities of 18.7 to 18.9% 
whereas the 1-hr treated samples 
show ductilities of 15.5 to 16.1%. 
However, the ductilities of the 2- 
and 4-hr treated samples are all 
above 19.4%. The calculated duc- 
tilities of the heat-affected zones for 
all postheats ranged between 19.8 
and 29.2%. 

Weldments on 5 Cr Mo Pipe Made 


Electrode Preheat, 
no. 

1 1250 
1250 
1350 
1350 
1250 
1250 
1350 
1350 
1250 
1250 
1350 
1350 
1250 
1250 
1350 
1350 


Postheat, 


hardness? 
Heat-affected 


Table 5—€ffect of Preheat and Postheat on Hardness-—Ductility of 5 Cr Mo Steel Pipe Welds Using 5 Cr Mo Electrodes 


Weld zone Pipe 
250 210 132 
240 228 137 
234 210 132 
240 222 135 
228 210 132 
228 210 135 
265 260 141 
210 205 130 
216 210 135 
240 216 135 
240 216 132 
210 210 130 
235 222 127 
234 216 135 
313 276 139 
222 222 135 


——Calculated ductility’“—— 
Heat-affected 


Weld zone 
13.5 23.6 
14.5 21.2 
15.9 23.2 
14.5 21.8 
16.6 23.6 
16.6 23.6 
10.9 
19.5 23.8 
16.6 23.6 
14.5 22.4 
14.5 22.4 
19.5 23.6 
15.1 21.8 
15.9 22.4 

3.5 16.6 
17.3 21.8 


@ Postheat treatment for 1 hr at temperature. 


> Converted from Rockwell B and C hardness values. 


© As calculated from the appropriate equation. 
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Table 6—Bend Tests of Welds in 5 Cr Mo Steel Pipe Using 5 Cr Mo Electrodes 


— Longitudinal bend* 
Elec- Side bend® 
trode, Preheat, Postheat’ Bend Elonga- Bend Pass‘ or 
no. ual oF angle, deg tion, %° Remarks angle, deg fail Remarks 
1 1250 180 22 180 4P One sample had a '/;,-in. 
tear at edge 


1250 180 22 180 4P 

1350 180 22 180 4P ‘/,-in. tear in center of 
finish pass on surface 

1350 180 22 180 4P One sample had a '/;¢-in. 
tear in final pass 


1 
1 


1 


180 180 4P 

180 One very small pinhole 180 4P One sample had a small 
opened up tear in finish pass 

180 One very small pinhole 180 4P 
opened up 

180 180 4P 


Two-minute surface de- 4P 
fects '/32 to long 
opened up 


88 8 88 8 88 


4P 

4P Two samples show mi- 
nor lack of penetra- 
tion at root but did not 
open up 

One sample had a 

Opening in root 
caused by lack of 
penetration 


88 


1250 180 
1250 180 
1350 180 
1350 180 


@ Averages of two specimens. 

> Postheat treatment for 1 hr at temperature. 

© Elongation in outer fiber—percent in 2 in. 

4 Averages of four specimens. 

¢ Cracks or tears longer than '/; in. constitute failure. 


_ _, Fig. 4—Side-bend specimens of weldments made on 5 Cr Mo Fig. 5—Notch-bend specimens of weldments made on 5 Cr Mo 
©" @ pipe with the 5 Cr Mo electrode No. 1. Approximately X ?/s pipe with the 5 Cr Mo electrode No. 1. The top specimens con- 
tained the notch in the heat-affected zone and the bottom speci- 
mens contained the notch in the weld metal. Approximately 

X 
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2 1250 
a 2 1350 
2 1350 
3 1250 180 22 180 
3 1350 180 22 180 
3 500 1350 180 22 180 
4 300 22 180 4P 
4 500 22 180 4p 
4 300 22 180 4P 
500 22 180 4P 


no. 2 


no. 3 


no. 4 


Specimen 
Base metal 
Base metal 
Electrode no. 1 


Electrode 


Electrode 


Electrode 


Table 7—Notch-bend Tests of Welds in 5 Cr Mo Steel Pipe 


Thermal treatment 
Preheat, Postheat, 


F Fe 

1250 

1350 
300 1250 
300 1250 
300 1250 
300 1250 
500 1250 
500 1250 
500 1250 
500 1250 
300 1350 
300 1350 
300 1350 
300 1350 
500 1350 
500 1350 
500 1350 
500 1350 


300 1250 
300 1250 
300 1250 
300 1250 
500 1250 
500 1250 
500 1250 
500 1250 
300 1350 
300 1350 
300 1350 
300 1350 
500 1350 
500 1350 
500 1350 
500 1350 


1250 
1250 
1250 
1250 
1250 
1250 
1250 
1250 
1350 
1350 
1350 
1350 
1350 
1350 
1350 
1350 


1250 
1250 
1250 
1250 
1250 
1250 
1250 
1250 
1350 
1350 
1350 
1350 
1350 
1350 
1350 
1350 


Notch 
location 


Base metal 

Base metal 

Weld 

Weld 

Heat-affected zone 
Heat-affected zone 
Weld 

Weld 

Heat-affected zone 
Heat-affected zone 
Weld 

Weld 

Heat-affected zone 
Heat-affected zone 
Weld 

Weld 

Heat-affected zone 
Heat-affected zone 


Weld 
Weld 
Heat-affected zone 
Heat-affected zone 
Weld 
Weld 
Heat-affected zone 
Heat-affected zone 
Weld 
Weld 
Heat-affected zone 
Heat-affected zone 
Weld 
Weld 
Heat-affected zone 
Heat-affected zone 


Weld 
Weld 
Heat-affected zone 
Heat-affected zone 
Weld 
Weld 
Heat-affected zone 
Heat-affected zone 
Weld 
Weld 
Heat-affected zone 
Heat-affected zone 
Weld 
Weld 
Heat-affected zone 
Heat-affected zone 


Weld 
Weld 
Heat-affected zone 
Heat-affected zone 
Weld 
Weld 
Heat-affected zone 
Heat-affected zone 
Weld 
Weld 
Heat-affected zone 
Heat-affected zone 
Weld 
Weld 
Heat-affected zone 
Heat-affected zone 


Max 
load, Ib 
1880 
1880 
2600 
2600 
2520 
2400 
2780 
2760 
2620 
2440 
2550 
2550 
2280 
2420 
2700 
2600 
2420 
2420 


2600 
2540 
2500 
2500 
2600 
2600 
2400 
2340 
2500 
2500 
2400 
2400 
2460 
2440 
2200 
2200 


2680 
2680 
2470 
2470 
2750 
2750 
2460 
2400 
2500 
2460 
2320 
2360 
2450 
2400 
2320 
2300 


2700 
2680 
2360 
2360 
2760 
2760 
2500 
2500 
2580 
2500 
2420 
2380 
2500 
2420 
2250 
2200 


—Deflection— 
After 
At max max 
load, in. load, in. 
1.10 1.10 
1.10 1.10 
0.95 1.25 
0.95 1.25 
1.12 
0.96 1.21 
0.96 1.08 
0.94 1.26 
1.04 1.16 
0.96 1.24 
0.96 1.24 
0.97 1.23 
0.97 1.23 
0.94 0.62 
0.94 0.52 
0.98 1.20 
0.98 1.20 


£ 


rw 
on 


an 


= 


Orne 


anon 


Energy 
To max After max 
load, ft-lb load, ft-lb 

143.2 150.6 
143.2 150.6 
170.3 234.0 
170.3 234.0 
200.1 ° 

190.7 

184.1 237.7 
184.1 211.5 
173.7 230.0 
184.9 196.9 
166.9 431.0 
166.9 431.0 
131.3 205.5 
164.9 217.0 
180.3 102.5 
173.5 92.3 
166.5 210.6 
166.5 205.8 


166.9 
177.0 
196.0 
196.0 
168.4 
168.4 
168.2 
176.8 


169.8 
166.3 
166.3 
168.0 
168.0 
154.8 
154.8 


175.8 
175.8 
192.5 
192.5 
173.5 
171.4 
166.8 
166.5 
163.8 
159.7 
158.0 
158.0 
164.4 
159.5 
165.8 
165.8 


169.5 
169.5 
154.8 
154.8 
176.0 
176.0 
191.8 
191.8 
169.6 
133.7 
163.5 
169.5 
184.6 
176.3 
158.7 
158.8 


171.5 
152.6 


b 
b 


105.5 

81.7 
196.4 
180.8 
128.6 
212.1 
212.1 
196.4 
145.5 
188.8 
188.8 


230.4 
189.0 


co 


Extent of 
cracking at 
notch root 
Slight 
Slight 
Slight 
Slight 
Slight 
Moderate 
Severe 
Severe 
Severe 
Severe 
Slight 
Slight 
Moderate 
Severe 
Severe 
Severe 
Severe 
Severe 


Severe 
Severe 
Slight 
Moderate 
Severe 
Severe 
Severe 
Moderate 
Severe 
Severe 
Moderate 
Moderate 
Severe 
Severe 
Moderate 
Moderate 


Severe 
Severe 
Slight 
Moderate 
Severe 
Severe 
Severe 
Severe 
Severe 
Severe 
Slight 
Moderate 
Slight 
Slight 
Slight 
Slight 


Severe 
Moderate 
Severe 
Severe 
Severe 
Severe 
Moderate 
Moderate 
Severe 
Severe 
Severe 
Moderate 
Severe 
Slight 
Moderate 
Moderate 


@ Postheat treatment for 1 hr. 
> Recording instrument was improperly set to obtain the full deflection after maximum loading for these specimens. 
© Improper loading prevented the obtaining of these data. 
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0.92 
0.98 
1.08 | 
1.08 
0.94 
1.0 
1.05 
| | | | | | 
.92 72.7 
.92 241.0 
.93 122.5 
.93 181.4 
.92 171.7 
.92 171.7 
.06 201.9 
.06 201.9 
.94 145.4 
78 22.1 
.96 147.4 
199.5 
.04 55.0 
.01 209.0 
0 192.8 
188.7 


with Various 5 Cr Mo Electrodes. 
The hardness measurements and the 
calculated ductility values of the 
welds and heat-affected zones of 
the 16 weldments of 5 Cr Mo pipe 
made with the four 5 Cr Mo elec- 
trodes are given in Table 5. 

The calculated ductilities for all 
16 weldments are on the order of 
15° for the weld metal and 20° 
for the heat-affected zones. These 
results, therefore, correspond closely 
to those described in Table 4 for the 
previous study on weldments made 
only with the No. 1 electrode. 
Three discrepancies were noted, 
however. In two instances (Nos. 2 
and 4 electrodes with the 300-— 
1350° F treatments), decided re- 
ductions in ductility occurred and in 
one instance (No. 2 electrode with 
the 500-1350° F treatment), a 
decided increase in ductility oc- 
curred. The reasons for the 
anomalies are not evident readily. 

The longitudinal bend-test re- 
sults (duplicates) for each weldment 
are given in Table 6 and illustrated 
for those made with electrode No. 1 
in Fig. 3. All samples responded 
excellently to this test. The elon- 
gation in the outer fibers of this 
particular size sample was 22% at 
the zone of maximum straining. 


Energy Absorbed-ft lbs 


-100 -50 0 50 100 150 200 
Temperature - F 


~100 -50 0 .50 100 150 200 


Energy Absorbed-ft lbs 
° 


Temperature - F 


Table 8—Impact Properties of Weld Metal in 5 Cr Mo Steel Pipe Weldments” 


——tTransition temperature and energy ranges-—-— 


Room 
Elec- Thermal treatment —"'/, energy level—._ 15 ft-lb level, temperature 
trode Preheat, Postheat, Temperature, temperature, energy, 
1 300 1250 45 +90 + 20 +50 + 20 30+ 10 
2 300 1250 45 +10 + 15 —35+ 20 x § 
3 300 1250 55 +45+ 15 0+ 50 8+ 5 
4 300 1250 45 +100 + 15 +20 + 40 30+ 5 
1 500 1250 45 +25 + 25 — 5+ 35 70+ 5 
2 500 1250 45 —10+ 20 —65 + 25 70+ 10 
3 500 1250 50 +10 + 20 —35+ 30 80+ 10 
4 500 1250 50 +100 + 40 +20 + 45 35+ 15 
1 300 1350 45 +60 + 25 —30+ 20 50+ 5 
2 300 1350 20 +15 + 60 —40 + 30 30+ 10 
3 300 1350 50 —15+ 10 —50 + 10 90+ 1 
4 300 1350 35 +135+ 35 +70 + 50 10+ 2 
1 500 1350 50 +60 + 30 —20+ 30 55+ 11 
2 500 1350 35 —20 + 25 —70+ 15 65+ 2 
3 500 1350 55 —15+ 15 —70+ 10 9+ 2 
4 500 1350 55 +50 + 55 —40 + 35 65+ 10 


@ Averages of duplicate or triplicate specimens. 
> Postheat treatment for 1 hr at temperature. 


The side-bend test results (quad- 
ruplicates) for each weldment are 
given in Table 6 and illustrated for 
those made with electrode No. 1 in 
Fig. 4. All weldments responded 
excellently to this test. 

The notch-bend test results (dup- 
licates) for each weldment are 


80 Electrode 


-100-50 © 50 100 150 200 


Energy Absorbed-ft lbs 


Temperature - F 


Energy Absorbed-tt lbs 
8 


-100 -50 0 50 100 150 200 
Temperature - F 


300 F - 1250 F 
500 F - 1250 F 
300 F - 1350 F 
500 F - 1359 F 


Fig. 6—Charpy V-notch impact transition-temperature curves for 
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5 Cr Mo weld metals deposited in weldments on 5 Cr Mo steel pipe 


given in Table 7 and illustrated for 
those made with electrode No. 1 in 
Fig. 5. The results indicate that 
all of the weld metals and base-metal 
heat-affected zones could sustain 
maximum loads greater than those 
for the base metal. In all instances, 


there was a definite measurable 


240 
|__ Heat-af fected 
Zones 
2 
160 }- 
3 
= 
of 
-200 -150 -100 -50 © 50 100 


Temperature - F 


Base Metal 


Energy Absorbed-ft lbs 


Fig. 7—Charpy V-notch impact transition- 
temperature curves for both heat- 
affected zone and base metals of the 
5 Cr Mo pipe welded under the various 
preheat-postheat conditions of 300-1250° 
F, 500-1250° F, 300-1350° F and 500-1350° F 


& 
—_ 
80 Electrode 
No. 4 No, 2 
60 / 60 
+ 4 
40 * 40 
wd 
ae 
Plectrode 80 [~ Electrode 160 
No. 3 No. 4 / 
Lig 4 
40 
2% 
care -200 -150 -100 -50 0 50 100 
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deflection (or energy absorption) 
after maximum loading. As indi- 
cated in Table 7, many of these 
samples had severe cracks at the 
completion of the test. It is not 
known when these cracks were 
initiated during the bend test but, 
in no instance, did they prevent a 
definite deflection after maximum 
loading. This observation indicates 
that these welds would not be 
subject to a catastrophic failure 
because of a notch brittleness of 
the welds or heat-affected zones. On 
this basis, both the 1250 and 1350° F 
postheats were beneficial in pre- 
venting notch embrittlement. 

The impact-test results are given 
in Table 8 and Fig. 6 for the weld 
metals and in Fig. 7 for the heat- 
affected zones and the base metal. 
The data obtained for the weld 
metals showed a considerable scat- 
ter so that individual tests often 
differed greatly from the aver- 
age curves drawn in Fig. 7. There 
was some suggestion that the weld 
metal deposited by Electrode No. 
4 had somewhat inferior impact- 
resistance properties. Also, the 
500--1350° F preheat-postheat com- 
bination appeared to impart the 
most consistently satisfactory im- 
pact resistance to the weld metals. 

The data obtained for heat- 
affected zones and the base metal 
showed that both zones have better 
impact resistance than that of the 
weld metal. Also, the various pre- 
heat treatments had virtually no 
effect in changing these impact 
properties. 

Weldments on 5 Cr Mo Steel Pipe 
with 25-12 Cr Ni, 25-20 Cr Ni and 
1',, Cr Electrodes. The 
hardness measurements and the 
calculated ductility values of the 
heat-affected zones (and weld metal 
of the 1'/, Cr Mo electrode using an 
equation developed in a previous 
study’) and side-bend-test results 
are given in Table 9 and Fig. 8. 
As expected, the austenitic welds 
are relatively soft and would be 
expected to have excellent ductility. 
The 1'/, Cr Mo weld metal also 
has an excellent (calculated) duc- 
tility even with no postheat treat- 
swnent. The heat-affected zones of 
the 5 Cr Mo pipe have excellent 
(calculated) ductilities even in the 
absence of any preheat and postheat 
treatments. The side-bend-test re- 
sults on all weldments showed ex- 
cellent responses with the only 
failures being a lack of penetration 
in a few of the weld roots; an effect 
which preheat and postheat treat- 
ments would not have prevented. 
The notch-bend-test results are 
given in Table 10. The results 
show that all of the specimens ab- 


sorbed appreciable energy after 
maximum loading. As _ indicated 
in Table 10, many of these samples 
had severe cracks at the completion 
of the test. It is not known when 
these cracks were initiated during 
the bend test but in no instance did 
they prevent a definite deflection 
after maximum loading. This ob- 
servation indicates that these welds 
would not be subject to a cata- 
strophic failure because of a notch 
brittleness of the welds or heat- 
affected zones. 


Conclusions 


1. The hardness and_ tensile 
properties can be correlated for both 
5 Cr Mo alloy-steel pipe material and 
for 5 Cr Mo weld deposits. At high 
hardness values, the ductility of the 
pipe metal (including heat-affected 
zones) remains relatively high but 
the ductility of weld metal becomes 
rather low. This fact indicates 
that postheat treatments of such 
weldments are essential to impart 
ductility to the 5 Cr Mo weld metal 
but are not needed to impart duc- 
tility to the heat-affected zones of 
the 5 Cr Mo base metal. Evenata 
Brinell hardness of 380, the pipe 
metal has a ductility (as measured 
by elongation) of about 12.5%. 

2. Ductilities of weld metal of pipe 
welds are less than those of all-weld- 
metal specimens made according to 
AWS specifications. This difference 
probably is due to the welding- 
technique differences followed in 
each instance. 


None-WNone 


3. Preheating up to 500° F has 
only a very slight effect in improving 
the ductility of weld metal and 
heat-affected zones in 5 Cr Mo 
alloy-steel pipe welded with 5 Cr 
Mo electrodes. Postheat treat- 
ments of 1250 and 1350° F are 
effective in imparting ductility to 
5 Cr Mo weld metal but a 1400° F 
treatment increases the ductility 
markedly. 

4. The ductility of all welds made 
on 5 Cr Mo alloy steel pipe with 
5 Cr Mo electrodes using postheats 
of 1250 and 1350°F were entirely 
satisfactory as evidenced by the 
results of side-bend and longitudinal- 
bend tests. 

5. Notch-bend-test results indi- 
cate that the 1250 and 1350° F 
postheat treated weldments of 5 
Cr Mo electrodes on 5 Cr Mo alloy- 
steel pipes are not subject to notch 
embrittlement during slow bending. 

6. The impact properties of heat- 
affected zones of 1250 and 1350° F 
postheat treated 5 Cr Mo alloy- 
steel pipe are as good as those of the 
base metal. However, the 5 Cr Mo 
weld metal has impact properties 
substantially lower than those of the 
heat-affected zones and base metal. 

7. When unrestrained welds are 
made in 5 Cr Mo alloy steel with 
25-12 Cr Ni, 25-20 Cr Ni and 1'/, 
Cr Mo electrodes, there appears to 
be no need for either preheat or 
postheat to obtain ductile weld- 
ments. Previous studies have 
shown that 1'/, Cr Mo weld metal 
does not need either preheat or 


‘None-None  300F-! 


Fig. 8—Side-bend specimens after testing. The tests were made in 
quadruplicate and the identifications of welding-electrode composition, 
preheat and postheat are given in the photograph. Approximately x '/, 
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Table 9—Effect of Preheat or Postheat on Hardness-—Ductility and Side-bend Tests of Welds Made on 5 Cr Mo Pipe 
Using 25-12 Cr Ni, 25-20 Cr N and 1'/, Cr Mo Electrodes 


—Brinell hardness*— Calculated Side-bend-test results° 
Heat- ductility, Bend 
Preheat, Postheat, affected Heat-affected’ angle, Pass or 
Electrode °F Weld zone Pipe zone deg fail? Remarks 
25-12 Cr Ni None 169 210 132 23.6 180 All passed No. 1—'/,.-in. open- 
ing in root 
500 169 228 130 21.2 180 3 passed No. 4—"'/; crack 
1 failed in. root pass—not 
lack of fusion 
25-20 Cr Ni None 169 210 23.6 180 3 passed No. 3 lack of fusion 
1 failed in root prop. into 
weld '/,-in. 

500 22.4 All passed Lack of fusion in 
root stopped in 
weld 

Heat* 
af- 
fected 
Weld* zone 
1'/, Cr Mo 300 20.8 21.2 All passed Nos. 2, 3—slight lack 
of fusion in root 
—did not propa- 
gate into weld 


300 1250—1 hr 23.8 23.6 All passed 


@ Converted from Rockwell B hardness values. 

> As calculated from the appropriate equation. 

© Four side bends made for each condition. 

@ Cracks or tears longer than ‘/s in. constitute failure. 

¢ This data obtained from equations developed in previous studies. 


Table 10—Notch-bend Tests of Weldments of 5 Cr Mo Pipe with Various Electrodes 


—Deflection——. 
After 
Thermal treatment max - Energy———._ Extent of 


Preheat, Postheat, Notch Max At max load Tomax After max cracking at 
Specimen location load, Ib load, in. load,in. load, ft-lb load, ft-lb notch root 


81.6 64.8 Severe 
47.6 79.3 Severe 
144.0 138.7 Moderate 


5 Cr Mo pipe Weid 2000 
welded with Weld 1900 
25-20 Cr Ni Heat-affected 2200 

zone 
Heat-affected 
zone 
Weld 
Weld 
Heat-affected 
zone 
Heat-affected 
zone 

5 Cr Mo pipe Weld 
welded with Weld 
25-12 Cr Ni Heat-affected 
zone 

Heat-affected 
zone 

Weld 

Weld 

Heat-affected 
zone 

Heat-affected 
zone 

Weld 

Weld 

Heat-affected 
zone 

Heat-affected 
zone 

Weld 

Weld 

Heat-affected 
zone 

Heat-affected 
zone 


ooo 


& 


149.6 160.8 Moderate 


76.5 Severe 
Severe 
Moderate 


Severe 


~ 


Severe 
Severe 
Moderate 


<4 


Severe 


Severe 
Severe 
Severe 


Severe 


8 


Severe 
Severe 
Severe 


5 Cr Mo pipe 
welded with 
1'/, Cr Mo 


222 


Severe 


Severe 
Severe 
Moderate 


888 8 888 8 $88 


Moderate 


ere 


AS 
. 
0.50 
0.96 
0.96 
2 
0.72 85.0 | 
b 0.68 86.3 
1.2 162.3 1 
4 1.44 113.5 113.5 — 
0.72 78.4 53.6 
0.65 67.5 52.3 
1.18 160.8 184.6 
0.77 78.9 47.2 
a 0.56 86.4 52.3 
0.56 84.0 54.2 
¥ 1.08 185.8 136.8 
Wee me 
0.64 166.5 70.7 
0.58 172.8 70.7 
0.25 132.5 45.0 
0.56 152.7 105.5 
pean 1.28 148.5 131.5 
“Ae 1.2 166.7 130.5 
1.24 156.5 «181.5 
1.2 156.5 193.5 
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postheat for good ductility. It is 
well known that 25-12 Cr Ni and 
25-20 Cr Ni weld metals are 
ductile. This study has shown that 
heat-affected zones of 5 Cr Mo pipe 
material are ductile even in the 
absence of preheat and postheat 
(although the 5 Cr Mo weld metal 
does need the postheat treatment). 
Therefore, it follows that when 
unrestrained welds are made on 
5 Cr Mo alloy-steel pipe with an 
electrode which deposits ductile 
weld metal, the weldment should 
need no preheat or postheat treat- 
ments. However, refinery ex- 
perience has shown that weldments 
of ferritic base metals with the 
austenitic 25-12 Cr Ni and 25-20 
Cr Ni electrodes may crack even- 
tually in or adjacent to the weld 
when subjected to thermal cycling. 
The stresses causing such cracks are 


developed because of the difference 
in the coefficients of thermal ex- 
pansion of the austenitic weld 
metal and ferritic base metal. The 
1'/,Cr Mo weld metal, being ferritic, 
will not cause this type of cracking 
in 5 Cr Mo weldments exposed to 
thermal cycling. 
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tions: 


ures. 
answer. 


the first three questions. 


Problem 2 is sometimes more difficult. 


Selection of Projects 


The Welding Research Council is receptive to new ideas for research projects from any source. 
Naturally before any project can be approved or undertaken, certain yardsticks have to be ap- 
plied. Forthe most part there are rather obvious yardsticks developed over the years: 


1. Is the Welding Research Council the best agency to undertake the work? 
2. Isthe problema ‘‘doable”’ one? 
3. Willit be possible to secure the necessary funds, talent and research facilities? 
4. Isthe problem of broad general interest? 


The answer to question 1 is in most cases not too difficult as this question implies other ques- 


(a) What other agencies are working in this general field? 
(b) What work has already been done or is being done in the general field? 
(c) Is there some other agency that could be considered a more logical agency? 


The answer to the third question, inasfar as funds are concerned, should be readily available. 
A project should not be undertaken unless the sponsors are willing to put up a third of the funds. 
In developing a program and budget one should have bids from at least two laboratories which in 
itself would provide part of the answer to this question. 
bers and the original sponsors should be secured. 

The answer to the fourth question is generally availabie as the result of securing the answers to 


The Welding Research Council believes, however, 
that before any experimental work is undertaken that a literature survey of existing information 
should be made by the investigator to learn what has been done before—the successes and fail- 
A breakdown of the problem into its fundamental elements should help provide this 


However the ideas of Committee mem- 
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Submerged-Arc Welding HY-80 Steel 


Study is conducted to develop methods for 
making submerged-arc welds capable of withstanding 
severe impact loading at low temperatures 


BY W. J. LEWIS, G. E. FAULKNER, D. C. MARTIN AND P. J. RIEPPEL 


Introduction 


One of the prime considerations in 
the construction of submarine hulls 
is the ability of the hull to withstand 
severe impact loading at tempera- 
tures of 30° F. Most of the sub- 
marine hulls being fabricated today 
are made from Grade HY-80 steel 
using standard low-hydrogen weld- 
ing electrodes and preheating opera- 
tions. The Grade HY-80 steel base 
plate and the welded joints meet the 
property requirements for subma- 
rine-hull construction. Although 
many of the joints in hull construc- 
tion are suitable for automatic 
welding techniques such as the sub- 
merged-are process, the properties 
of weldments deposited with the 
submerged-arc process with con- 
ventional techniques are not satis- 
factory for submarine applications. 

This study was conducted to 
develop methods for making sub- 
merged-arc welds which will with- 
stand severe impact loading at low 
temperatures. The specific ob- 
jectives were to obtain submerged- 
arc weld metals with yield strengths 
of at least 80,000 psi and Charpy 
V-notch toughness of 20 ft-lb at 
—100° F or a nil-ductility temper- 
ature of —100° F* in both the as- 
welded and stress-relieved condi- 
tions. Submarine hulls with notch 
toughness and nil-ductility tem- 
perature values in this range will 
withstand severe impact loading at 
service temperatures. 

This program was conducted in 
two phases. The first phase of the 
program consisted of preparing and 
evaluating several experimental filler 
wires. The compositions of the ex- 
perimental wires were within the 
range of compositions of commercial 


W. J. LEWIS, G. E. FAULKNER, D. C. 
MARTIN and P. J. RIEPPEL are associated 
with Battelle Memorial Institute, Columbus, 
Ohio. 

Paper presented at AWS 40th Annual Meeting 
held in Chicago, Ill.. April 6-10, 1959. 
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Table 1—Composition of 1-in. Thick HY-80 Steel Plates 


Heat 
designation C Mn P 
Heat 20120-15 0.15 0.36 
Heat 20739 0.16 0.23 


0.020 
0.011 


Chemical composition, % ~ 


S Si Ni Cr Mo 


0.032 0.18 1.97 1.06 0.18 
0.028 0.19 2.33 0.89 0.25 


covered electrodes and filler wires 
for the inert-gas-shielded metal-arc 
process which produce weld metals 
with good Charpy V-notch-tough- 
ness properties. It was found that 
submerged-arc welds made with 
similar filler-metal compositions had 
lower V-notch toughness than that 
reported for manual and inert-gas- 
shielded metal-arc welds. 

In order to determine methods for 
improving the notch toughness of 
submerged-arc welds, studies were 
made to compare the mechanical 
properties, metallurgical charac- 
teristics and compositions of welds 
made by the submerged-arc process 
with those made by the inert-gas- 
shielded metal-arc process. The 
information obtained from these 
comparisons led to Phase II of this 
program in which the effects of flux 
composition on weld-metal proper- 
ties were studied. For this phase 
of the program, experimental fluxes 
were prepared and evaluated. The 
information obtained in the flux 
studies will be presented in a sub- 
sequent paper. 

This paper describes the results 
obtained in evaluating several ex- 
perimental filler wires for use in sub- 


merged-arc welding HY-80 steel. 
The effects of nickel, manganese and 
molybdenum on weld-metal prop- 
erties are discussed and the prop- 
erties of submerged-arc welds and 
inert-gas-shielded metal-arc welds 
made with the same filler wire and 
conditions are compared. 


HY-80 Steel Base Material 


The base metal used in the weld- 
ing studies was 1-in. thick HY-80 
steel plate. Plates from two dif- 
ferent heats were obtained for these 
studies. The compositions of these 
plates were as given in Table 1. 
Tension and impact tests were 
made on the base metals. The re- 
sults of these tests are listed in 
Table 2. From the data obtained, 
both plates met the requirements of 
MIL-S-16216W (Navy). However, 
Heat 20739 had superior tensile and 
impact properties. Because tests 
were concerned primarily with weld- 
metal properties rather than base- 
metal properties, both of the heats 
were used during this program. 


Experimental Procedures 
Weld-metal studies were made on 


Table 2—Tension and Impact Properties of 1-in.-thick HY-80 Steel Plates’.’ 


Ultimate 
Yield tensile 
Heat strength, strength, 
designation psi psi 
Heat 20120-15 82,000 98 ,000 
Heat 20739 90 ,000 104,000 


V-notched Charpy 
notch toughness, 


Elongation Reduction ft-Ib 
in2in.,% 


inarea,% 78°F —40°F —100°F 
63 84 80 57 
66 c c 


@ Testing direction transverse to the direction of rolling. 


> Average of two specimens. 
© Did not break. 
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Notch Toughness, ft-lb 


Fig. 2—Effect of nickel on weld-metal 
notch toughness (as-welded) 


0.505-inch tension ti Vee-notched C 
. impact specimens 


Specimen 


4 


Vee-notched 


epeci imens 


1° discard 


Fig. 1—Joint design, pass sequence and location of tension 
and impact specimens in a multipass weld 


60 
Designation uts 
A (1.4% Ni) 66,000 93,00C 


| | 
| 


30 


20 


= (1.9% Ni) 68,000 99,000 
C (2.6% Ni) 69,000 101 


Temperature, 


joints prepared with 9 experimental 
filler wires. The welds were made 
under closely controlled conditions 
and were evaluated on the basis of 
Charpy V-notch properties and 
tensile properties. 

The heats of steel for the experi- 
mental filler wires were prepared in 
a MgO-lined electric-induction fur- 
nace under an argon atmosphere. 
The heats were prepared from high- 
grade melting stock, which included 
electrolytic iron as the base to keep 
sulfur and phosphorus contents at a 
minimum. The chemical composi- 
tion of each of the additions was 
known prior to the preparation of 
the heats, and the amount of each 
element added to the heats of steel 
was carefully weighed in preparing 
these materials. Approximately 
0.075% aluminum was added to 
each heat as a deoxidizer. All alloy 
and deoxidation additions were 
made in the furnace. 

The normal pouring temperature 
for all experimental heats was 
2980° F. Big-end-up ingot molds 
were used for all of the experimental 
heats. The size of the heats varied 
from 110 lb from which three 35-lb 
splits were made to 310-lb heats 
which were subsequently divided 
into three 100-lb splits.* The in- 
gots were then forged, rolled and 


* Two or more ingots cast from one heat. 
Except for variations in one alloying element, 
each split had the same composition. 


ft-lb 


s Ws 
72,000 84,000 26 61 
77,000 90,000 25 59 
81,000 94,000 23 58 
| 
va 


Notch Toughness, 


Fig. 3—Effect of nickel on weld-metal 
notch toughness (stress relieved) 
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Table 3—Chemical Composition of Experimental Wires 


Wire 
designation” Cc 
0.09 1 
0.08 1 
0.08 1 
0.09 1 
0.08 2 
0.11 1 


0.10 
0.11 1 


0.08 


composition, % 
Mn i 


27 
14 
.26 
34 
27 
-20 


Mo 


0.56 
0.57 
0.53 
Trace 
Trace 
Trace 
0.52 
0.62 
1.07 


Si Ni 


@ The wires were taken from split heats: heat 
3—D and E; heat No. 4—F, H and I. 


drawn to °*/»-in. diam wire for 
welding. 

All of the wires were used to make 
submerged-arc welds in 1-in. thick 
HY-80 steel plate. The joint geom- 
etry was a single-vee 45-deg butt 
joint with a '),-in. root opening 
(Fig. 1). Welding conditions which 
gave a 45,000 joules/in. heat input 
were used. This heat input was 
selected on the basis of studies made 
on weld metals and heat-affected 
zones of submerged-arc welds made 
with various amounts of heat per 
inch of weld. The aim was to use 
the highest heat input per inch of 
weld possible and still maintain 
good heat-affected-zone properties. 
In using 45,000 joules in., a rela- 
tively narrow and _high-hardness 
heat-affected zone was obtained. 
It appeared that weld metals with 
better properties might be obtained 
if lower heat inputs were used than 
those made with 45,000 joules /in., 
but the difference at low testing 
temperatures did not appear signifi- 
cant. The welding conditions used 
to make submerged-are welds with 
experimental wires were: 


Arc voltage, v 
Amperage, amp. . 
Travel speed, ipm 
Preheat and interpass 
temperature, °F... .. 250 
Flux.... Neutral 


Weld-metal notch toughness and 
tensile properties were determined 
in both the as-welded and stress- 
relieved conditions using standard 
V-notch Charpy specimens and 


No. 


1 heat No. 2—B and C; heat No. 


standard 0.505-in. tensile specimens 
(Fig. 1). The stress-relieving treat- 
ment consisted of heating the welded 
joints for 1 hr at 1200° F. 


Experimental Results and 
Discussion 


The compositions of the experi- 
mental wires were selected on the 
basis of available information‘ on 
welds made with manual electrodes. 
This information showed that good 
Charpy V-notch-toughness proper- 
ties were obtained in weld deposits 
containing approximately 3% 
nickel, 1°% manganese and 0.6% 
molybdenum. However, it was 
found in this program that sub- 
merged-arc welds made with similar 
compositions had lower notch tough- 
ness than that reported for manual 
welds. Attempts were made to 
obtain satisfactory weld properties 
by modifying the nickel, manganese 
and molybdenum contents of the 
wires. None of the modified wires 
produced satisfactory weld proper- 
ties. However, the selection of 
compositions allowed a study of the 
effect of nickel, manganese and 
molybdenum on weld-metal proper- 
ties. 

The chemical compositions of the 
experimental filler wires studied are 
listed in Table 3. Of the first two 
heats studied, one wire contained 
2% nickel and the other contained 
3° nickel. Both wires had man- 
ganese contents of 1% and molyb- 
denum contents of 0.50%. These 
wires did not produce weld metals 


Table 4—Composition of Experimental Filler Wires and Weld Metals with Three 


Levels of Nickel 


Filler-wire 


Chemical composition, % 


designation Si 


A wire 
A weld metal 
B wire 
B weld metal 
C wire 
C weld metal 


0.13 
0.42 
0.26 
0.52 
0.24 
0.49 


= 


Ni P 


0.012 
0.012 
0.012 
0.011 


SOSISS 


which met the target requirements. 
However, the results showed that 
increased nickel lowered notch 
toughness and also increased yield 
strength. The 2 and 3% nickel 
wires were then modified for further 
studies. First, the manganese con- 
tent of the 2% nickel wire was in- 
creased with and without molyb- 
denum additions and, second, 
molybdenum content of the 3% 
nickel wire was varied in an 
effort to increase notch toughness 
without lowering the yield strength 
too much. In addition, a 1'/.% 
nickel wire was used to further 
study the effects of nickel on weld 
properties. 

The results presented in succeed- 
ing sections are from single and 
duplicate tests. In most cases, 
tensile data are obtained from single 
specimens and Charpy V-notch- 
toughness data are obtained from 
duplicate specimens. 


Effect of Nickel on Weld-metal 
Properties 

The effect of nickel on weld-metal 
properties was studied over the 
range of 1.4 to 2.8% nickel. This 
study involved three different weld- 
ing wires designated A, B and C. 
Chemical compositions of sub- 
merged-arc welds made with these 
wires are given in Table 4. It can 
be seen that the weld-metal compo- 
sitions were similar except for the 
nickel content. 

The effects of nickel on weld- 
metal notch toughness and tensile 
properties are shown in Fig. 2. 
The notch toughness of the weld 
metals decreased with increasing 
nickel contents, especially at tem- 
peratures above -—40° F. For 
example, at room temperature, the 
notch toughness of A weld metal 
(1.4% nickel) was 52 ft-lb; whereas 
the notch toughness of C weld 
metal (2.8% nickel) was 22 ft-lb. 
However, at subzero temperatures, 
the increased nickel did not appear 
to be harmful. At —80° F, the 
notch toughness of A and C weld 
metals was similar and at —100° F 
the notch toughness of A_ weld 
metal (1.4% nickel) was 7 ft-lb and 
that of C weld metal (2.8% nickel) 
was 12 ft-lb. 

The tensile properties of the welds 
were obtained from single tests. 
Although the differences in proper- 
ties are small, there is a trend that 
tensile and yield strengths increased 
slightly with increased nickel con- 
tents, and the ductility was slightly 
decreased. All of the welds had 
yield strengths above the minimum 
required 80,000 psi. 

The effect of nickel on weld-metal 
notch toughness and tensile proper- 


| 
0.13 
0.26 
0.12 
0.04 
0.01 
0.10 
0.05 
0:02 
78 
. 
: 
4 
0.09 1.27 1.40 
0.07 0.86 1.35 
3 0.08 1.18 1.91 0.002 
" 0.05 1.08 1.92 0.005 
0.08 1.14 2.88 0.002 
0.06 0.94 2.76 0.005 : 
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Fig. 4—Typical acicular as-welded 
microstructure within the weld pass. X 
500. (Reduced by '/; upon reproduction) 


ve? 

a 

Fig. 5—Typical stress-relieved micro- 


Structure within the weld pass. X 500. 


Table 5—Composition of Experimental Filler Wire and Metals 


with Two Levels of Manganese 


Filler-wire 
designation Cc Mn 
D wire 0.09 1.94 
D weld metal 0.07 1.26 
E wire 0.06 2.84 
E weld metal 0.08 1.81 


Chemical composition, % 


i Ni Mo 
0.12 2.15 Tracé 
0.41 2.12 0.08 
0.04 2.14 Trace 
0.42 2.14 0.05 


ties in the stress-relieved condition 
is shown in Fig. 3. The notch 
toughness of the stress-relieved weld 
metals were not affected appreciably 
by nickel content. In comparing 
Figs. 2 and 3, it can be seen that 
weld-metal notch toughness was 
higher and the tensile strength was 
lower in the stress-relieved condition 
than in the as-welded condition. 
The change in properties was at- 
tributed to the change in micro- 
structure observed in the joints. 
In the as-welded condition, carbide 
occurred predominantly at the edge 
of acicular ferrite plates, resulting in 
an acicular pattern (Fig. 4). Dur- 
ing stress-relieving operations (Fig. 
5), the carbide was spheroidized and 
this apparently improved notch 
properties. 


Effect of Manganese on Weld-metal 
Properties 

Two filler wires were fabricated 
which allowed a study on the effects 
of manganese on weld-metal prop- 


wire and weld metals are listed in 
Table 5. The nickel and molyb- 
denum contents of the wires were 
about 2 and 0%, respectively. The 
manganese content ranged from 2 to 
3% in the wire and 1.26 to 1.81% in 
the deposited weld metals. 

The notch toughness and tensile 
properties of weld metals made with 
wires D and E are shown in Fig. 6. 
At temperatures above —40° F, the 
notch toughness of weld metals with 
high manganese (1.8%) was 10 to 
20 ft-lb lower than the welds con- 
taining low manganese (1.26%). 
However, at temperatures below 
—40° F, the notch toughness of the 
welds was essentially the same. 

With increasing manganese con- 
tent, the yield and tensile strengths 
were increased, and the ductility 
was decreased. The yield strength 
of both weld metals was above the 
80,000-psi minimum yield require- 
ments. 

The effects of manganese on the 
notch toughness and tensile prop- 


(Reduced by '/; upon reproduction) erties. The compositions of the erties of weld metals in the stress- 
| Elong., RA, 
| Designation Ys uTs 
Elonge, RA, 
Designation ys uTs i 1D (1.2% Mn) 65,000 80,000 30 63 
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Fig. 6—Effect of manganese on weld- 
metal notch toughness (as welded) 


Temperature, F 


Fig. 7—Effect of manganese on weld- 
metal notch toughness (stress relieved) 
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relieved condition are shown in 
Fig. 7. At temperatures above 
—40° F, the notch toughness of the 
weld metals was similar. However, 
at low-testing temperatures the 
high-manganese content appears 
beneficial. At -—100° F, E weld 
metal (1.81°, manganese) was 10 
ft-lb higher than D weld metal 
(1.26% manganese). In comparing 
Figs. 6 and 7, it can be seen that 
weld-metal notch toughness was 
improved and the yield strength was 
lowered by stress relieving. 


Effect of Molybdenum on Weld-metal 
Properties 

The effects of molybdenum were 
studied in weld metal containing 
about nickel -1°% manganese. 
The chemical analysis of the wires 
and weld metals are given in Table 
6. The molybdenum content of the 
weld metals ranged from 0.05 to 
0.76%. 

The effects of molybdenum on the 
weld-metal notch toughness and 
tensile properties of the 3% nickel 
wires are shown in Fig. 8. It can be 
seen that, with increased molybde- 
num contents, impact properties 
were generally lowered and the ten- 
sile and yield strengths were in- 
creased. The notch toughness, 
however, of (G) 0.43% molybdenum 
and (H) 0.50% molybdenum weld 
metal were not comparable. The 
reason for this is not known. Both 
weld metals were made with the 


Table 6—Composition of Experimental Filler Wires and Weld Metals 


with Four Levels of Molybdenum 


Filler-wire 
designation 
F wire 
F weld metal 
G wire 
G weld metal 
H wire 
H weld metal 
| wire 
| weld metal 


CO Or 


———————Chemical composition, % 


Mn 


Si Ni 


wo 


same welding conditions and the 
microstructures and compositions 
were similar. The tensile and yield 
strengths of weld metal (G) were 
high, but the weld from which these 
data were obtained was made with 
an 80° F interpass temperature in- 
stead of the 250° F interpass tem- 
perature used for the other welds. 

The effect of molybdenum on 
weld-metal notch toughness and 
tensile properties in the stress-re- 
lieved condition is shown in Fig. 9. 
The same trend that was observed 
on the welds in the as-welded condi- 
tion prevailed in the stress-relieved 
welds; that is, with increased 
molybdenum contents, weld-metal 
notch toughness decreased and ten- 
sile and yield strengths increased. 
In comparing Figs. 8 and 9, it can 
be seen again that weld-metal notch 
toughness was improved and tensile 
strength was lowered by stress re- 
lieving. 


Elong., 
Designation 


(0.05% Mo) 77,000 
(0.43% Mo) 102,000 
(0.56% Mo) 92,000 
(0.76% Mo) 91,000 


UTS 


xs 


95,000 
110,000 
107,000 
109,000 


The tensile properties of welds 
deposited from experimental wires 
F, G, H and I showed that increased 
molybdenum content generally im- 
proves yield and tensile properties 
in both the as-welded and stress-re- 
lieved conditions. 


Comparison of Submerged- 
arc and Inert-gas-shielded 
Metal-arc Weld Metal 


In the filler-wire study, it was ex- 
pected that better notch toughness 
results than were observed would be 
obtained since the notch toughness 
of weld metals made with other 
processes with similar compositions 
were good. Therefore, further 
studies were made to determine if 
the experimental filler wires in- 
herently produced low notch tough- 
ness or whether the low notch tough- 
ness was due to some metallurgical 
or chemical change that normally 


68,000 
64,000 
83,000 
92,000 


Notch Toughness, ft-lb 


Notch Toughness, ft-lb 


-40 


Temperature, F 


Fig. 8—Effect of molybdenum on weld- 
metal notch toughness (as welded) 
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Temperature, F 


Fig. 9—Effect of molybdenum on weld- 
metal notch toughness (stress relieved) 
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Fig. 10—Comparison of notch toughness 
of weld metals made with the sub- 
merged-arc welding process and the in- 
ert-gas-shielded metal-arc process ~ 


Submerged.-arc weld 


occurs in using the submerged-arc 
welding process. 

Studies were made to compare the 
mechanical properties, metallurgical 
characteristics and composition of 
weld metals deposited with the sub- 
merged-arc and_inert-gas-shielded 
metal-arc processes. These studies 
were made to determine if dif- 
ferences in weld-joint properties 
could be associated with micro- 
structure or composition of the 
welds. 

Submerged-arc and __inert-gas- 
shielded metal-arc welds were made 
using the same base plate, joint de- 
sign, filler wire (B) and welding 
conditions. 'The welding conditions 
were: 450 amp, 26 arc v, 15.6-ipm 
welding speed, and a 250° F inter- 
pass temperature. The submerged- 
arc welds were made with a neutral 
flux. The inert-gas-shielded metal- 
arc welds were made with argon 
shielding. 

Weld-metal notch toughness and 
tensile properties were determined 
for both types of welds using stand- 


Inert-gas-shielded metal-arc weld 


Fig. 11—Comparison of cleanliness of submerged-arc and inert-gas-shielded 
metal-arc weld metals. X 1500. (Reduced by '/, upon reproduction) 


Table 7—Tensile Properties of Submerged-arc and Inert-gas Welds Made 
with the Same Filler Wire and Welding Conditions 


Yield strength 
(0.2% offset), 
Welding process psi 


Submerged arc 100 ,000 
100 ,000 
Inert gas 98 ,000 
102,500 


Ultimate 
tensile 
strength, Elongation Reduction 
psi in2in.,% in area, % 
114,250 17.1 52.6 
114,250 19.8 $2.3 
107,750 18.2 51.0 
111,750 21.4 68.3 


ard V-notch Charpy specimens and 
standard 0.505-in. tensile specimens. 
The welds were tested in the as- 
welded condition. The results of 
the notch-toughness tests are shown 
in Fig. 10. As this figure shows, the 
notch toughness of the welds made 
by the inert-gas-shielded process 
was considerably higher than that of 
the welds made by the submerged- 
arc process. The tensile properties 
of the welds are shown in Table 7. 
The tensile properties of both welds 
were practically the same. 

Metallographic examinations and 
chemical and vacuum-fusion anal- 
yses were made on both weld metals 
to try to determine the causes of the 
difference in notch-toughness proper- 
ties. Metallographic examinations 
showed that the microstructure of 
the welds made with both processes 
was essentially thesame. However, 
the submerged-arc welds contained 
a considerable number of silicate in- 
clusions and the inert-gas welds were 
relatively clean (Fig. 11). 

The results of chemical and vac- 
uum-fusion analyses are shown in 
Table 8. The wire composition is 
included for comparison. As this 
table shows, the major differences in 
the compositions of the weld metal 
are in silicon and oxygen contents. 
The silicon content of the sub- 
merged-are welds was about twice 
that of the inert-gas welds. The 
oxygen content of the submerged-arc 
welds was about 6 times that of the 
argon-shielded welds. 

This study showed that the major 
differences between the submerged- 
arc welds and the inert-gas-shielded 
metal-arc welds were: 


1. Number of inclusions. 
2. Oxygen content. 
3. Silicon content. 


On the basis of this information, 
studies were made to improve weld- 
metal notch toughness by modifying 
the neutral flux or developing a new 
flux. The modifications were aimed 
at altering the fluidity of the flux or 
changing are characteristics so as to 
obtain less trapped silicates than 
were observed in weld metals made 
with the neutral flux. The informa- 
tion obtained from the flux studies 


Table 8—Composition of Experimental Filler Wire and Weld Metals 


Cc 
Filler wire 0.08 
Submerged-arc weld metal 0.07 
Inert-gas weld metal 0.10 


Chemical composition, % 


Mn P Ss Si Cr Ni 
1.18 0.012 0.002 0.26 ie 1.91 
0.81 0.014 0.016 0.44 0.43 2.15 
0.74 0.013 0.021 0.22 0.42 2.13 


Mo Al? Ne He O, 
0.57 

0.32 0.03 0.007 
0.36 0.02 0.006 


0.00007 0.096 
0.00005 0.016 


Total aluminum—aAl,O; and residual Al. 
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will be presented in a subsequent 
paper. 


Conclusions 


Nine experimental filler wires were 
prepared for submerged-arc welding 
studies. The compositions of these 
wires were such that a study of the 
effects of nickel, manganese and 
molybdenum could be made. The 
ranges of alloy content studied were: 
nickel, 1.4 to 3.0%; manganese, 1.2 
to 1.8%; molybdenum, 0.05 to 
0.80%. The weld metals were eval- 
uated on the basis of notch tough- 
ness and tension tests. In analyz- 
ing the data, the following important 
observations were made: 

1. Increasing nickel content low- 
ered weld-metal notch toughness, 
especially at testing temperatures 
above —40° F. However, at test- 
ing temperatures below -40° F, 
increased nickel appeared to be 
beneficial. 

2. Increasing manganese content 
also lowered weld-metal notch 
toughness at testing temperatures 
above —40° F, but at testing 
temperatures below -—40° F, the 
notch toughness of the welds was 
about the same. 

3. Increasing molybdenum con- 
tent generally lowered weld-metal 
notch toughness. 

4. The tensile and yield strengths 
of the weld metals were improved by 
increasing the nickel, manganese or 


molybdenum contents. However, 
the improvement in strength ob- 
tained by increasing the manganese 
or molybdenum contents was greater 
than that obtained by increasing the 
nickel content. 

5. The notch toughness of the 
weld metals was improved and the 
tensile and yield strengths were 
lowered by stress-relieving opera- 
tions. 

Studies to find the differences be- 
tween submerged-arce and inert-gas- 
shielded metal-arc weld metals 
showed the following: 

1. The notch toughness of weld 
metals made by the _inert-gas- 
shielded metal-arc process was 
higher than the notch toughness of 
weld metals made by the submerged- 
arc process. 

2. The difference found in the 
notch toughness of weld metals 
made by the two processes was 
attributed to the number of in- 
clusions, oxygen content and silicon 
content. 

3. The tensile properties of weld 
metals made by the two processes 
were practically the same. 
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__his is a penny’s \ worth of bronze 
\ \ 


It’s a piece of Anaconda welding rod that could be worth its weight in gold to 
you. It might save you a big capital investment or important production time by 


salvaging equipment that seems beyond repair. Take the experience of Jessup 


Steel Co., for example. A while back their production stopped dead in its Ai af 


tracks when the 60-ton semisteel base of a big forging hammer fractured. A 
replacement base? Of course—in nine months. Jessup called specialists in re- 
pairing heavy machinery. The base was repaired by braze welding in a week 
—at 20% of replacement cost. About a ton of Tobin Bronze”®-481 rod was used. 


But sometimes a few ounces can make equally significant savings in building 


up worn surfaces or repairing a broken part that has immobilized @) a big 


machine. And don’t overlook braze welding in production. It’s a practical way 


to get flexible, low-cost production assembly of tubular and sheet steel products 


= 


—like rs furniture and appliances. American Motors uses it to add strength, 


prevent squeaks, leaks, and rattles in unit construction of the Rambler’s body, 

supplementing electric welding in some fed y. 30 areas. Anaconda-997 (Low 

Fuming) Bronze Rod has proved to be the best welding rod for these produc- 


tion uses. 


We'd be glad to send you (or anyone else in your 
company) a copy of Publication B-13 which gives 
detailed and practical information on Anaconda 


Welding Rods in repair and production jobs. If you WELDING RODS 


have a special problem, the services of an Anaconda 
specialist are at your disposal. Write: The American products of The American Brass Company 


Brass Company, Waterbury 20, Conn. In Canada: 
Anaconda American Brass Ltd., New Toronto, Ont. 


For details, circle No. 46 on Reader Information Card 


= Anaconda Memo to Management 
(\ 
\ 
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PROTECTED 
CYLINDER 
CONTENT 
INDICATOR 


Indicator at top of protective 
housing indicates a full cylinder. 


Cylinder content indicator at 
half-full position. 


ACCURATE 
WORKING PRESSURE 
MICROMETER DIAL 


Airco Gaugeless Regulators 


..backed by the most experience 


The new Airco Gaugeless Regulators for oxygen and acetylene 
give you the pressure accuracy you need, plus the ruggedness 
that regulators should have for construction and maintenance 
work, where rough handling is constant fare. That's because of 
the regulator's protected cylinder content indicator, and adjust- 
able micrometer working pressure dial. 

These rugged regulators are the newest in Airco’s extensive 


AliR REDUCTION SALES COMPANY 


A division of Air Reduction Company, incorporated 
150 East 42nd Street, New York 17, N. Y. In 


More than 700 Authorized Airco Distributors Coast to Coast 


Read working pressure directly 
from micrometer markings en- 
graved on dial. Regulators for 
oxygen and acetylene service 
are available 


quality line . . . two more examples of how Airco experience 
brings you better welding equipment. Whether you need regu- 
lators, gas welding and cutting equipment, tips, supplies or 
industrial gases — your nearby Authorized Airco Distributor 
has them in stock. Look in your Classified Telephone Direc- 
tory, under “Welding Equipment and Supplies,” for your near- 
est Authorized Airco Distributor. 


On the west coast— 
Air Reduction Pacific Company 


Internationally— 
Airco Company International 


In Cuba— 

Cuban Air Products Corporation 
Canada— 

Air Reduction Canada Limited 


All divisions or subsidiaries 
of Air Reduction Company, Inc. 


For details, circle No. 47 on Reader Information Card 
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